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ABSTRACT
Earthquake-induced ground failure hazards associated with 
liquefaction and landsliding are identified and mapped 
throughout the urbanized and developing areas of the Reno- 
Sparks region. Separate maps, produced at 1:62,500 scale, 
identify areas susceptible to liquefaction and landsliding.
Liquefaction susceptibility mapping is based on a 
compilation of more than 500 bore holes. Where bore hole 
density is sufficient, the critical acceleration to cause 
liquefaction during a M 7.5 earthquake, values were contoured 
to yield the map pattern. The critical accelerations refer to 
acceleration at the ground surface, not bedrock accelerations. 
The potential for liquefaction at a site is strongly 
influenced by the properties of the soil underlying the site 
and resonance effects. The influence of these local site 
conditions are not included in this study.
Where data density is sparse or nonexistent, liquefaction 
susceptibility mapping is based on published geology and 
groundwater conditions.
Landslide hazards addressed in this study include: 1) 
rockfall, 2) rotational rock slides and 3) shallow soil 
slides. These three slide types are considered the most 
pertinent to discussions involving earthquake induced slides 
given the geologic, climatic and geomorphic conditions of the 
Reno-Sparks region.
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The purpose of this thesis is to: 1) compile data 
relevant to the identification of the areal distribution of 
earthquake induced ground failure hazards in the Reno-Sparks 
area, 2) analyze this data and, 3) present the results in map 
form. Ground failure, in this context, includes liquefaction 
and landslides. These hazards are major causes of destruction 
during earthquakes.
Throughout this paper, the term "susceptibility" is used 
to refer to the strength properties, groundwater conditions 
and stress state of the rock or soil. The susceptibility of 
a site does not refer to the characteristics of ground motions 
resulting from earthquakes. The terms "potential" and 
"hazard" refer to the combined influence of a sites 
susceptibility and the characteristics of ground motion 
including; amplitude, frequency of vibration, duration and 
recurrence interval.
The maps generated in this study, when combined with 
estimates of expected surface ground motions, are useful for: 
1) identifying areas where more detailed studies should be 
conducted, 2) carrying out earthquake emergency planning 
scenarios involving threats to transportation, communication 
and utility lines, 3) preliminary siting decisions, 4) to 
augment future earthquake hazard mapping projects.
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Damaging earthquakes have occurred in Reno-Sparks area in 
the historical past and will occur in the future. The vast 
amount of growth which has taken place in the Reno—Sparks area 
since the last damaging earthquake puts a large population and 
asset value at risk. Through the identification of the 
individual hazards associated with earthquakes, realistic 
scenarios of the expectable consequences can be made, allowing 
responsible land use planners and builders to take actions 
that can mitigate losses to life and property.
AREA OF STUDY
The area under consideration in this study includes the 
developed and outlying areas of the Reno-Sparks metropolitan 
area, from the Steamboat Hills at the south to Cold Springs 
Valley at the north. The western and eastern boundaries are 
the California state-line and Lockwood (figure 1). 7% min.
map coverage is provided by the Reno NW, Reno NE, Reno, Verdi, 
Vista, Mt. Rose NW, Mt. Rose NE, and Steamboat quadrangles.
PREVIOUS STUDIES
Previous earthquake hazard maps for the Reno-Sparks area 
(Szecsody, 1983a, 1983b; Bingler, 1974; Tabor et al. , 1983; 
McKinney, 1976;) have combined relative liquefaction 
susceptibility and ground shaking amplification into relative 









Location of Study Area
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active faults. Several unpublished landslide hazard maps 
(Trexler and Bingler, 1974; McKinney, 1976) have been prepared 
for localized areas within the study area. The attempt here 
is to isolate the hazards posed by liquefaction and earthquake 
induced landslides and provide a comprehensive display of the 
distribution of these earthquake hazards, for the developed 
and developing portions of the greater Reno-Sparks region.
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Chapter 2: General Geology
STRATIGRAPHY
The Reno-Sparks region lies in a structural basin which 
is bounded on the west by the Carson Range and on the east by 
the Virginia and Pah Rah Ranges. The northern valleys (Cold 
Springs, Lemmon, Sun and Spanish Springs) are similarly 
structural in origin, separated by smaller uplifted blocks. 
The marginal blocks include Mesozoic metavolcanic and plutonic 
rocks overlain by a thick sequence of Tertiary volcanic and 
epiclastic rocks made up largely of andesite and andesite 
porphyry flow rock, hydrothermally altered andesite,
hypabyssal intrusives and minor siliceous welded tuff 
(Bingler, 1975).
Tilted beds of conglomerate, sandstone and diatomite of 
the Miocene to late Pliocene age Sandstone of Hunter Creek 
(and equivalent units) at the margins of basins mark the early 
initiation of basin sediment accumulation. The extensive 
Quaternary deposits in the basins represent the continuation 
of this long-established pattern of basin sediment 
accumulation (Bingler, 1975).
Large volumes of material derived from the Carson Range 
during Pleistocene glacial intervals built poorly-sorted 
outwash and fan complexes along the western margins of the 
basins and was carried well into the valley along the Truckee 
River course. Some of these deposits are attributed to
6
catastrophic flooding of the Truckee River as ice dams at Lake 
Tahoe were periodically breached (Birkeland, 1968).
Holocene reworking of these Pleistocene pediment deposits 
and earlier Tertiary and Mesozoic rocks has supplied material, 
deposited as fan deposits, near the margins of basins which 
coalesce into bajada deposits basinward. Flood deposits cover 
the lowest lying areas of the basins. Other Holocene deposits 
include playa lake deposits at Whites and Silver Lakes and 
eolian sand deposits east of Spanish Springs Valley and north 
of Lemmon Valley.
STRUCTURE
The Reno region is situated along the western boundary of 
the Basin and Range physiographic provence. Extensional 
tectonics and associated block faulting which has given rise 
to the basin and range physiography commenced about 17 m.y. 
ago (Stewart, 1980). Historical earthguake fault ruptures 
along range bounding faults such as the 1954 Fairview Peak and 
Rainbow Mountain earthquakes and geologic and geomorphic 
evidence for Holocene displacements, such as along the Sierra 
Nevada Frontal Fault Zone (SNFFZ), indicate that the 
extensional process is ongoing. The structure of the Reno 
region is complicated by a northwest trending zone of diverse 
topography known as the Walker Belt (Stewart, 1980). Albers 
(1967) and Stewart, et.al. (1968) consider the Walker Belt to 
be related to large-scale right-lateral displacements along
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well-defined faults and through pervasive folding. There is 
uncertainty as to the age of the Walker Belt structure. 
Albers (1967) interprets the evidence to indicate that 
deformation began as early as late Early Jurassic and that the 
same movement pattern has prevailed ever since. Speed (1974) 
suggests that distortion was mid-Jurassic and that Tertiary 
faulting in an east-west extensional stress regime is 
controlled by the preexisting fault planes. Tertiary offsets 
on the Honey Lake, Warm Springs Valley, Pyramid Lake and 
Olinghouse Fault Zones may be reactivations of Jurassic 
structures.
SEISMICITY
The seismicity of western Nevada has been studied by 
Slemmons, et.al. (1965), Douglas and Ryall (1975), VanWormer 
and Ryall (1980), Ryall and VanWormer (1980) and Siddharthan, 
et. al. (1993).
Geodetic studies indicate that there is approximately 5 
cm/yr of slip between the Pacific and North American tectonic 
plates. Approximately 4 cm/yr of that slip appears to be 
accounted for by movement on the San Andreas fault system. 
Several lines of geological and geodetic evidence, confirmed 
by the recent Landers earthquake, suggests that the remaining 
1 cm/yr strain is transferred north to the Basin and Range 
being accommodated by a combination of dip slip and strike
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slip movement over a wide seismically active zone (Anderson, 
J • G • / 1993). As a result, Nevada is the third most 
seismically active state in the United States, behind only 
California and Alaska. Earthquakes of magnitude 7 and greater 
occur on average every 27 years (Siddharthan et.al., 1993).
The Reno region has one of the highest seismic hazards in 
the state of Nevada. According to the 1988 version of the 
Uniform Building Code, Reno lies within zones 3 and 4, the 
highest risk designations. A recent report by Siddharthan, 
et.al. (1993) assigns peak bedrock acceleration levels (in 
decimal fractions of the acceleration due to gravity) to be 
exceeded at the 10% probability level for 10, 50 and 100 year 
exposure times for the state of Nevada. Also given are the 
peak bedrock accelerations expected as a result of the maximum 
credible earthquake that can occur for each identified active 
fault in the state. The bedrock acceleration levels given in 
the report for the Reno region are summarized in table 1.
Exposure Time
Bedrock Acceleration (g's) at 10% 






Table 1 - Summary of earthquake hazard in the Reno region 
based on preliminary data from Siddharthan, et.al., 1993.
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These peak bedrock acceleration levels are based on a 
number of simplifying assumptions including: 1) fault 
length/earthguake magnitude relationships, 2) attenuation 
relations, 3) fault source characteristics. These assumptions 
are based largely on well studied faults such as the San 
Andreas and some inaccuracies may be introduced in applying 
them to the Great Basin. Also, the accelerations are based on 
the present state of knowledge in regards to the distribution 
of active faults, their slip rates, recurrence intervals and 
the historical earthquake record. As more paleoseismicity and 
neotectonic studies are carried out, the earthquake monitoring 
network improves and the historical data base expands, revised 
estimates of the earthquake hazard in the Reno region will be 
made.
Peak acceleration is widely used in engineering practice 
to characterize earthquake ground motion. However, no one 
parameter is sufficient to describe the effects an earthquake 
will have on the soil or structures. Other important 
parameters include the duration of ground shaking and the 
dominant vibrational period of ground motion.
Identical peak bedrock accelerations can result from a 
nearby small magnitude earthquake and a distant large 
magnitude earthquake. The duration of shaking associated with 
the distant earthquake will, however, be longer. There is a 
distinct correlation between magnitude and duration. A widely 
used relationship is provided by Housner (1970) which is
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summarized in table 2.
These durations 
apply to sites on 
bedrock. Reflected
seismic energy in a 
sediment filled basin 
setting can result in 
seismic focusing at 
specific sites along the 
surface and can cause 
longer durations than 
would otherwise be expected (Hill, et. al., 1990).
The dominant period of ground motion is influenced by the 
earthquake source characteristics and the travel path distance 
(Bolt, 1988). An especially strong influence on the dominant 
period is exerted by local site conditions. Sites underlain 
by soils that are characterized by low rigidity tend to 
attenuate the higher frequencies more strongly due to 
nonlinear ground response (Joyner, 1975). Low velocity 
sediments tend to amplify seismic waves through impedance 
contrasts. In sediment filled basins, seismic waves may 
reflect back and forth between the surface and the sediment- 
basement interface. Resulting resonance effects can amplify 
accelerations at critical frequencies (Hill, et.al. 1990).
The effects of local site conditions and basin geometry 
on the duration of shaking and peak ground acceleration was
Table 2 : Earthquake magnitude- 










not addressed in this study. The production of a map which 
depicts the distribution of soil site effects is an integral 
aspect of earthquake hazard mapping. Assessment of local site 
conditions and the effect on the development of liquefaction 
will considerably change the liquefaction map pattern. Only 
through combining the information provided in the maps 
generated in this study with site amplification maps, can the 
actual distribution of hazards associated with liquefaction be 
assessed.
Site effects are most pronounced in soft alluvial filled 
basins and so will have less influence on earthquake 
accelerations, dominant frequency and durations in the steeper 
upland areas where the predominance of earthquake induced 
landslide hazards exist.
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Chapter 3: Liquefaction Susceptibility
GENERAL
Liquefaction is defined as "the transformation of a 
granular material from a solid state into a liquefied state as 
a consequence of increased pore-water pressures" (Youd, 1973) . 
When shaken, loosely packed, saturated sediments tend to 
settle, expelling pore-water. If the permeability of the 
sediment is such that the water cannot dissipate as fast as it 
is generated, pore pressures rise. When pore pressure becomes 
equal to the normal stress induced by the overlying soil, the 
condition of liquefaction is reached. The development of 
earthquake induced liquefaction is dependent on the following 
six principle factors: 1) the intensity of ground shaking, 2) 
the duration of shaking, 3) the initial degree of compaction 
( i.e. relative density) of the sediment, 4) the grain size 
distribution of the sediment, 5) the depth to the liquefiable 
soil layer, and 6) the depth to ground water.
The intensity of ground shaking, generally expressed as 
an acceleration, is dependent on the magnitude of the 
earthquake1, the distance to the causative fault and the 
attenuation characteristics of the rocks along the travel path 
(Bolt, 1988). Site soil conditions are not included in the 
analysis. The duration of shaking, for the purpose of this
■'•Differences is the various magnitude scales is ignored 
throughout the liquefaction analysis.
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analysis, is a function only of earthquake magnitude.
The relative density of a sediment has been shown to be 
strongly a function of age and the mode of deposition 
(Tinsley, et.al., in Ziony, 1986). The older a sediment is, 
the greater burial depth it typically has been subjected to. 
Also, weathering processes and cementation will increase the 
relative density. The mode of deposition affects the relative 
density of the sediment, impacting its susceptibility to 
liquefaction as well. Eolian and flood-plain deposits tend to 
be more susceptible than alluvial fan deposits (Tinsley, 
et.al., in Ziony, 1986).
The grain size distribution of a soil affects the 
development of liquefaction in two principle ways: 1) coarse 
sands and gravels may have such high permeabilities that 
excess pore pressure does not develop or, 2) the presence of 
silt may inhibit shaking induced settlement and therefore 
reduce the susceptibility to liquefaction. There is yet no 
clear consensus in the literature as to the coarseness of the 
sand or the amount of gravel or silt that is necessary to 
cause a sediment to be resistent to liquefaction.
The presence of ground water is not only necessary for 
the development of excess pore-pressure, it also exerts a 
strong influence on the effective stress at the depth of 
liquefaction.
Liquefaction induces damage through four principle modes 
of ground failure (Youd, 1978):
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1) Quick-condition failures occur most often in flat areas 
with high water table and loose to moderately dense sediments 
extending to the near surface. Soil loses all bearing 
strength and structures may sink or buried tanks and pipelines 
may float. Upon dissipation of excess pore pressure, 
settlement of the ground surface occurs. Groundwater 
dissipation typically occurs through the formation of sand 
boils which may cause local inundation.
2) Ground oscillation takes place if liquefaction occurs at 
depth and the slope is too gentle to permit lateral 
displacement. Overlying soil blocks that do not liquefy may 
decouple from one another and oscillate on the liquefied 
substrate causing damage to overlying structures.
3) Lateral spreads include the lateral displacement of 
surficial blocks of sediment as a result of liquefaction in a 
subsurface layer. Gravitational forces and inertial forces 
resulting from earthquake shaking may cause blocks of soil to 
move downslope or toward a free face. This mode of ground 
failure is especially destructive to pipelines, utilities, 
bridge piers and other structures having shallow foundations.
4) Flow landslides tend to occur on slopes in excess of 3°. 
The flows are chiefly liquefied material or blocks of intact 
soil riding on a liquefied substrate.
ASSESSING LIQUEFACTION
The most widely used and accepted procedure in U.S.
15
practice for assessing liquefaction susceptibility is the 
method initially developed by Seed and Idriss (1971), 
employing empirical methods developed by Seed and Idriss 
(1981), Seed and others (1983, 1985) and Seed and DeAlba
(1986) .
As outlined by Seed and Idriss (1971), the stress state 
of the soil is characterized by the ratio of the average 
earthquake induced shear stress to the effective confining 
pressure (tavg / ') terme<3 the cyclic stress ratio (CSR) .
The shear stresses developed at any point in a soil deposit 
during an earthquake appear to be due primarily to vertically 
propagating shear waves. If the soil column above a soil 
element at depth, h, behaved as a rigid body, the shear stress 
on the soil element would be equal to the weight of a unit 
column of soil times the ratio of the horizontal earthquake 
acceleration, ah, to the vertical acceleration due to gravity 
or:
t = v * h * (— ) (1)max * v g 7
where y = the unit weight of the soil.
Since the soil column behaves as a deformable body, the 
shear stress at depth will be somewhat reduced by a factor rd. 
The rd factor varies from 1 at the surface to a value of 0.85 
at 40 feet and is approximated by rd=l-0.0033h without 
introducing significant errors (Hadj-Hamou and Elton, 1989) .
The time history of shear stress is directly related to
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the time history of horizontal earthquake acceleration by 
equation 1. Earthquake acceleration time histories have an 
irregular form and it is desirable to express shear stress as 
an equivalent uniform average shear stress. By appropriate 
weighting of the individual stress cycles based on laboratory 
test data, Seed and Idriss (1979) found that with a reasonable 
degree of accuracy, the average equivalent uniform shear 
stress, tavg, is about 65% of the shear stress obtained by 
applying maximum earthquake ground accelerations for the 
number of shear stress cycles assigned for various magnitude 
earthquakes (table 3) . It follows then that ravg for 
practical purposes is given by:
Since y h is the total effective stress, a0, the CSR is 
given by:
where a'0 is the effective stress at depth h and A is the 
decimal ratio of the horizontal earthquake-induced 
acceleration to the acceleration due to gravity.
Values of the CSR have been correlated, for sites which 
have or have not shown signs of liquefaction induced ground 
failure during actual earthquakes, with standard penetration 
test (SPT) blow count data for various fines contents (Seed 
and DeAlba, 1986). The standard penetration test involves
d ( 2 )
CSR = =0.65 • -̂ 7 • A • rd (3)
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driving a 1.4 inch inside diameter split spoon sampler by 
dropping a 140 lb. weight, 3 0 inches. The blow count value is 
simply the number of blows to drive the sampler one foot. The 
SPT blow count value determined in the field (N) is influenced 
by variations in effective stress with depth and must be 
corrected (N-̂ ) . Marcuson and Bieganousky (1977) carried out 
an extensive study of the effect of overburden pressure on SPT 
blow count values and provide the curve reproduced in figure 
2. This is the curve recommended by Seed, et. al. (1983) for 
use in liquefaction analyses.
The most recent correlation between Nx and the occurrence 
of liquefaction in common usage is provided by Seed et al. 
(1985) and is show in figure 3. Soils that plot above or to 
the left of the appropriate curve are susceptible to 
liquefaction, those that plot below or to the right are not. 
Tokimatsu and Seed (1987) provide graphs for estimating the 
percent volumetric strain based on how far to the left or 
above the boundary curve a 
soil plots.
The SPT blow count value 
(N) has been related to the 
relative density of a soil in 
place (U.S. Army Corps, 1986) 









factor for field 
(N) to N-l
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samples obtained during testing provide material for grain 
size distribution analysis. These factors combined with the 
widespread use of the SPT in geotechnical studies make it a 
particularly useful tool for determining the liquefaction 
susceptibility of an area.
The development of liquefaction is dependent on the 
number of equivalent shear stress cycles or duration of 
shaking. The duration of shaking is related to the magnitude 
of the earthquake. The curves in figure 3 are for a magnitude 
7.5 event. Table 3 taken from Seed et.al. (1983) relates the 
earthquake magnitude to the number of equivalent shear stress 
cycles and provides correction factors to be applied to the 
critical acceleration for a magnitude 7.5 earthquake (Ac7>5) 
to cause liquefaction for other magnitude earthquakes.
Figure 3-Chart for evaluation of 
liquefaction susceptibility of sands for 
a M 7.5 earthquake(from Seed, et.al., 
1984)
19
Earthquake No. of Equivalent Correction
Magnitude Stress Cycles factor
8 1/2 26 0.89
7 1/2 15 1.0
6 3/4 10 1.13
6 5 1.32
5 1/4 2-3 1.5
Table 3: Correction factors for influence of earthquake 
magnitude on critical acceleration to cause liquefaction 
(Seed, et.al, 1985).
LIQUEFACTION SUSCEPTIBILITY MAPPING
There are, in general, two basic methods for mapping 
liquefaction susceptibility. The first method involves 
calculating liquefaction susceptibility based on SPT data. 
Hadj-Hamou and Elton (1989) produced a liquefaction 
susceptibility map for peninsular Charleston, South Carolina 
based on the procedure developed by Seed and his coworkers. 
The mapped area encompassed six square miles and 200 borings 
from 69 sites were available from geotechnical consulting 
firms. From this density of SPT data, these authors contoured 
zones of liquefaction susceptibility in terms of critical 
acceleration for various magnitude earthquakes by rearranging 
equation 3 to solve for the minimum amax that will cause
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liquefaction (i.e. Ac)
Ac = ( CSR0.65 r.■) ( — ) (4)
Ac is found by applying the CSR associated with Nx by the 
appropriate curve given in figure 3 and applying the 
correction factors in table 3 for other magnitude earthquakes.
For mapping liquefaction susceptibility over a large 
area, such as the present study, sufficient density of bore­
hole data typically does not exist to allow one to contour Ac 
data points. Liquefaction susceptibility mapping in the San 
Francisco Bay area (Youd and Perkins, 1978) and the Los 
Angeles Basin (Tinsley, et.al., in Ziony, 1986) incorporate 
sedimentary units based on age, combined with depth to 
groundwater maps to produce relative liquefaction 
susceptibility units. SPT blow count data is used to verify 
the qualitative estimates of relative liquefaction 
susceptibility based on sediment age.
LIQUEFACTION MAPPING BASED ON SPT DATA
For the present study, critical acceleration data is 
contoured using a method similar to that employed by Hadj- 
Hamou and Elton (1989) where SPT data density was sufficient.
Approximately 500 boring logs have been collected from 
local geotechnical consulting firms, the Nevada Department of 
Transportation and the Nevada Bureau of Mines and Geology 
Engineering Geology files. The information extracted from the
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logs necessary to carry out the liquefaction analysis 
includes: 1) depth to groundwater, 2) SPT blow count values, 
3) percent fines, 4) unit weight of the soil.
Groundwater depth measurements are typically made after 
completion of drilling. The values reported on the logs are 
used in all liquefaction calculations. It should be noted 
that considerable changes in groundwater can occur seasonally, 
from year to year or as a result of drain emplacement during 
site development. Such groundwater level changes will 
influence the susceptibility to liquefaction by changing the 
effective stress and by including or excluding soil layers 
that are susceptible to liquefaction.
The vast majority of penetrometer test data collected was 
from a 1.4 inch inside diameter Standard Penetration Test 
penetrometer. A small number of 2 in. inside diameter 
Modified Penetration Test values were used. A correction 
factor of 0.82 was applied to these values to equate them to 
SPT values as recommended by the Kleinfelder staff. Blow 
count values were applied only to the soil horizons within 
which they were obtained.
Sieve analyses are often performed on the samples 
obtained during penetration testing and the percent fines 
(i.e. passing 200 mesh) are reported on the logs. In lieu of 
such information, estimates of the percentages of fines were 
made based on the soil description.
Dry unit weight and moisture content is sometimes
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reported on drill logs from which moist unit weight can be 
determined. If unit weight is not reported, values based on 
the average uncorrected SPT blow counts of cohesionless layers 
as shown in table 3 were used. Table 3 is based on typical 
values of soil index properties provided in U.S. Army Corps 
(1986) p. 7.1-22 and p. 7.1-87.
Field Blow Count Moist Unit Weight 
(pcf)
0 < N < 5 85
5 < N < 10 95
10 < N < 15 105
15 < N < 20 115
20 < N < 25 125
25 < N < 30 135
Table 4: Chart for estimating moist unit weights (pcf) based 
on uncorrected SPT blow count value and soil type.
For each boring, the most critical five foot thick soil 
layer was identified and the acceleration to cause 
liquefaction was calculated and recorded. A five foot thick 
layer was used because SPT tests are often conducted at five 
foot intervals and also because a five foot thick layer will 
likely have lateral continuity of significant extent. If the 
most susceptible layer was near surface a thinner layer was 
analyzed and reported. A critical acceleration value of "1" 
was assigned if the N-̂ was between 30 and 40 and the hole was 
considered to represent an area which could have local
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possibly liquefiable zones with a minor increase in sand 
fraction or slight lowering of blow count. For this study, 
sands were considered to be liquefiable if the fines fraction 
was less than 45%. Gravel was not considered to influence 
liquefaction susceptibility, however, very few SPT values were 
considered reliable in gravelly layers due to the effect of 
cobbles. Also, the gravels in the study area tend to be dense 
and pre-Holocene and therefore not generally susceptible to 
liquefaction. When the percent fines was reported on the logs 
for the most liquefiable layer, the CSR was determined by 
interpolating between the <5%, 15% and 3 5% curves. If percent 
fines was not given, the <5% curve was used for poorly graded 
and well graded sands, the 15% curve was used for silty sands 
within gravelly or sandy zones and the 35% curve was applied 
for silty sands within clayey zones. Clayey sands were 
considered nonliquefiable. If the corrected blow count value 
of the most critical layer was greater than 40 the area was 
considered nonliquefiable and is assigned a value of "2".
From the above information it is possible to determine 
the critical earthquake acceleration to cause liquefaction for 
a M 7.5 event for a specific location by Seed's method. The 
critical acceleration for other magnitude earthquakes is 
obtained by applying the correction factors given in table 3. 
While the acceleration levels will change for different 
magnitude events, the map pattern will remain the same.
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LIQUEFACTION MAPPING BASED ON GEOLOGY AND GROUNDWATER DEPTH
To map liquefaction susceptibility where data density is 
sparse, representative Nx values have been assigned to 
geologic deposits based on the data collected, augmented by 
blow count compilations provided by Szecsody (1983a,b). 
Mapping of liquefaction susceptibility is based on mapped 
geologic units and published groundwater conditions. Geologic 
mapping at 7% min. scale and generalized groundwater maps are 
available for the entire study area with the exception of a 
comprehensive groundwater map for the Steamboat and Verdi 
quadrangles and a geologic map for the northernmost portion of 
the Mt. Rose NW quadrangle.
An attempt was made to define liquefaction susceptibility 
units based on geology and groundwater conditions which 
corresponded as closely as possible to the Ac7>5 intervals 
based on SPT data. To accomplish this, geologic units were 
grouped by similarity in blow count values and fines fraction. 
The geologic unit categories developed, reflect the 
depositional history of the Truckee Meadows, incorporating 
both age and depositional environment into six deposit types. 
These deposit types are: 1) Tertiary sediments, 2) Pleistocene 
outwash pediment deposits, 3) Holocene and late-Pleistocene 
alluvial fan deposits, 4) Holocene alluvial bajada deposits,
5) Holocene flood-plain deposits and, 6) Holocene lake 
deposits. All geologic units exposed in areas of shallow 
groundwater for all of the geologic quadrangles included in
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the study area can be fit into one of these deposit types with 
only minor exceptions (in particular eolian deposits). Table 
5 lists the pertinent geologic units for each quadrangle and 
categorizes them into the deposit types listed above. 
Variations in mean blow count value for different geologic 
units within one deposit type category are not significant.
Histograms of uncorrected standard penetration resistance 
for all testing in cohesionless layers for each deposit type 
show a distinctly log normal distribution (figure 4a through 
4d) . The mean and standard deviation of the logarithm of blow 
count values were therefore determined to normalize the 
distribution. The antilog of the mean minus 1/2 standard 
deviation of the log of the blow count value, corrected for 
the average effective stress, is used to characterize the 
relative density of a "most susceptible layer" (Nx mgl) for 
each deposit type. The mean minus 1/2 standard deviation 
yields an uncorrected blow count value which is exceeded by 
approximately 70% of the sample population. Applying these 
Nlmsl values, Ac7>5 was determined for various groundwater 
conditions. The percent fines for each deposit type is based 
on a compilation of soil descriptions from drill logs and 
applying a value which is judged as representative of a 
plausible "most susceptible layer". Lake deposits are 
widespread in the northern valleys in areas of shallow 
groundwater. Insufficient SPT data was available to 















Reno NW Ts Qoa, Qpf Qfs, Qfg, Qsw Qs, Qb, 
Qbu, Qfb
Qp, Qcd





Verdi Ts, Th Qpf, Qt2_>8,
Qtp Qp ^ r , Qpp
Qfy Qa, Qt-L
Reno Th QpiQto,Qdo,Qpf 
,Qgrs
Qmg Qa Qf 1




Mt.Rose NE Th QP,Qpf/Q°a,Qdm 
,Qdo,Qtm
Qaf Qa Qf 1
Steamboat Qto,Qdm Qf,Qfo Qa, Qe Qf 1
Table 5: Geologic units and the deposit types into which they are categorized for the 
purpose of liquefaction mapping based on mapped geology.
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(c) (d)
Figure 4: Histograms of uncorrected blow count values for four 
deposit type categories used for mapping liquefaction 
susceptibility.
Deposit Type Tertiary Pleistocene Alluvial Alluvial Flood Lake
Sediment Pediment Fan Bajada Plain Sediment
% Fines 15 % 10 % 5 % 5 % 10 % >50 %
^1 msl 25.9 27.2 19.2 15.5 15.5 -
G.W. < 5' 0.68 g 0.59 g 0.27 g 0.18 g 0.2 g 0.5 g
5'<G.W.<10' 0.83 g 0.79 g 0.29 g 0.23 g 0.27 g 0.6 g
10'<G.W.<20' 0.9 g 0.9 g 0.32 g 0.25 g 0.3 g 0.7 g
2 0 1<G.W .<3 0' 1 1 0.34 g 0.27 g 0.32 g 0.8 g
3 0'<G.W .<4 0' nonliq. 1 0.36 g 0.28 g 0.34 g 0.9 g
401<G.W.<60 ' nonliq. nonliq. 1 1 1 1
G.W. > 60' nonliq. nonliq. nonliq. nonliq. nonliq. nonliq.
Table 6: Criteria applied for mapping of liquefaction susceptibility where standard 
penetration test N value data is sparse or lacking. Lines denote contour intervals used 
in map production. Nx mgl is the corrected blow count value of the most susceptible layer 
determined as the mean minus \ the standard deviation of the blow counts compiled from 
that deposit type.
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These lake deposits have high fines contents and are 
generally nonliquefiable, however the possibility of localized 
sandier zones exists so Ac-̂   ̂ values were defined 
subjectively. The results of this procedure are summarized in 
table 6.
Table 6 provides the criteria that was applied in mapping 
the liquefaction susceptibility of the Reno-Sparks region 
where bore-hole data is sparse or nonexistent.
PRODUCTION OF LIQUEFACTION MAP
A map, created in AutoCAD 10, of the study area was 
produced from 7% min. quadrangle base maps. The map was 
calibrated using Universal Transverse Mercator (UTM) 
coordinates. Borings located at the 1\ min. scale were 
digitized into the computer generated map as block attributes. 
Each block contains an elevation, hole depth, depth to the 
most susceptible layer, the critical acceleration of the most 
susceptible layer, groundwater depth and Holocene thickness.
The depth at which liquefaction occurs influences the 
mode of ground failure and degree of strain experienced at the 
surface. This data is therefore useful for assessing the 
hazard to structures. Holocene thickness was judged based on 
an abrupt change in blow count value, correlation with nearby 
holes and the presence of oxidized clayey horizons possibly 
marking a Pleistocene soil horizon.
The advantage to using block attributes is that the data
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inserted can be extracted, with its UTM coordinates, to an 
ASCII file then imported to spreadsheet, contouring or a 
variety of other software programs. The data generated in 
this study is presented in appendix 1, sorted by Y coordinate. 
Appendix 1 can provide a useful data base to be added to by 
future data compilations that follow a similar procedure to 
that used here.
The critical acceleration data was contoured using the 
"Surfer" contouring program and then transferred manually back 
into AutoCAD. Contouring was performed with the krigeing 
algorithm (Krige, 1972) using a search radius of 2000 ft. for 
the five nearest points and a grid spacing of 500 ft. It was 
decided that the krigeing method was the most appropriate for 
these purposes since it does not give undue weight to clusters 
of data points (David, M. , 1977). The other contouring 
parameters were chosen after some trial and from consideration 
of the amount of detail and scale that the final map was to 
display. The contouring program yielded excellent results in 
areas with good data density but had to be adjusted manually 
to account for boundary effects or areas of sparse data.
In areas where SPT data is too sparse to yield realistic 
contour shapes, liquefaction potential mapping is based on the 
criteria in table 6, with adjustments made where SPT data 
exists. For instance, if a fan deposit with groundwater 
between 2 0 ft. and 3 0 ft. had isolated bore-hole data 
indicating nonliquefiable conditions, the area would be placed
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into a low or very low susceptibility unit rather than a 
moderately to highly susceptible unit (as indicated by table
6) depending on the number of bore-holes and the degree of 
confidence in characterizing that fan deposit by those 
borings.
With the exception of bedrock contacts and fault 
boundaries, the distribution of liquefaction susceptibility 
can be expected to vary in a smooth pattern. This results 
from the fact that textural variations in alluvial deposits 
are largely governed by a smoothly varying depositional 
surface gradient and because groundwater depths tend to vary 
in a gradual way. It, therefore, is considered reasonable to 
adjust contouring carried out manually in areas of sparse data 
to conform with contouring generated through krigeing. There 
was generally very good conformity between the two methods.
The combined results of computer contouring of Ac7>5 data 
points, liquefaction susceptibility mapping based on deposit 
type and groundwater conditions and manual modifications are 
displayed on Map 1, contained in the back cover, at 1 inch = 
1 mile scale . Zones contoured by "Surfer" are enclosed by 
boundary lines, areas mapped based on the criteria of table 6 
have no contour interval boundaries. Boring locations for 
which data was compiled (and is summarized in appendix 1) are 
identified by the fuzzy dots. The liquefaction susceptibility 
map legend identifies the critical peak acceleration occurring 
at ground surface to cause liquefaction during a magnitude 7.5
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event based on SPT data as a decimal fraction of the 
acceleration due to gravity. Seven liquefaction 
susceptibility units are delineated. The same map patterns 
are used to identify the susceptibility units based on deposit 
type and groundwater conditions since these units were 
developed based on the critical acceleration to cause 
liquefaction for an average "most susceptible layer" for each 
deposit type at various groundwater depths. Susceptibility 
units derived in this way should, however, be regarded as 
relative susceptibility units and are described in these terms 
in the legend.
This map reflects the liquefaction susceptibility prior 
to development, in most cases, and should not be used to 
assess the vulnerability of particular structures during 
earthquakes. Excavation, fill placement and groundwater 
lowering can greatly impact the liquefaction susceptibility of 
a particular site.
The maps presented are meant to display the generalized 
distribution of liquefaction susceptibility and are not meant 
to replace site-specific analyses even where bore-hole 
distribution is dense. This is because contouring was carried 
out at a grid spacing of 500 ft. , larger than the typical 
site, and because data points up to 2 000 ft. away are 
incorporated into the calculation of the critical acceleration 
representative of each grid cell.
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DISCUSSION OF LIQUEFACTION MAP
Following is a brief description of the factors 
influencing the liquefaction susceptibility and the types of 
ground failure that may be expected. The discussion is 
organized by legal township.
T2IN, R18E: Shallow groundwater in the vicinity of White Lake 
and Silver Lake cause these areas to be susceptible to 
liquefaction.
At White Lake, geologic mapping by Soeller and Neilsen 
(1980) show geologic units classified as lake deposits 
encompassing the area of shallowest groundwater. These units 
have been designated as having low to moderate susceptibility 
to liquefaction depending on the depth to groundwater as 
outlined in table 6. Surrounding White Lake; beach, sheetwash 
and alluvial fan deposits have somewhat higher liquefaction 
susceptibilities based on the criteria of table 6; however, 
borings indicate that sheetwash deposits west of White Lake 
are moderately dense to dense to a depth of at least 25 ft and 
are generally nonliquefiable. Borings along U.S. 395 in 
alluvial fan deposits are dominantly clay to approximately 50 
ft. giving way to medium to dense silty-clayey sand. Of eight 
borings along the west side of White Lake only one liquefiable 
interval was identified. This interval yielded a Ac7<5 of 
0.27g and occurred at a depth of 50 ft. This area is
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localized possibility of liquefaction at moderate to deep 
depths. Southeast of White Lake, borings in sheetwash 
deposits indicate loose to dense interbedded sands and clay. 
Nearly all of the borings have layers with Ac7 5 in the range 
of 0.2g to 0.4g. One boring indicated the possibility of 
liquefaction at a surface acceleration of 0.13g. This area 
therefore has a high to moderate susceptibility to 
liquefaction. North of Whites Lake bore hole data is lacking 
and the liquefaction susceptibility is defined by the criteria 
of table 6.
In the vicinity of Silver Lake, clayey lake deposits 
occupy the area of shallowest groundwater and have been 
assigned a moderate liquefaction susceptibility. Surrounding 
beach, floodplain, sheetwash and fan deposits have a moderate 
susceptibility. Bore holes at the Red Rock interchange 
indicate that unit Qoa is dense and should be classified as a 
Pleistocene pediment deposit.
The likely modes of ground failure are quick conditions 
in areas of high groundwater and ground oscillation where 
groundwater depths are greater.
T20&21N, R19E: The areas of Stead and Lemmon Valley and Golden 
Valley have areas of groundwater less than 60 ft. Playa lake 
deposits occupy the areas of shallowest groundwater near 
Silver Lake and Lemmon Valley and are assigned a moderate to 
very low susceptibility depending on groundwater depth.
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Surrounding beach and alluvial bajada deposits have high to 
moderate susceptibility. Borings at Lemmon Valley Elementary 
School are dominated by clays with local silty-sand and sand. 
One boring had near surface liguefiable silty-sands with a 
Ac ?_5 of 0.17g. Tertiary sediments are generally clayey but 
locally yield Ac7>5 in the 0.4g to 0.9g range, consistent with 
a moderate to very low susceptibility designation.
No standard penetration test data was collected for 
Golden Valley so the liquefaction susceptibility is based on 
the criteria of table 6. Geologic mapping is provided by 
Bonham and Bingler (1973) and generalized groundwater depth 
information is provided by Cooley, and others (1974). 
Groundwater occurs at depths of approximately 20 ft. or 
greater and the likely mode of ground failure would be through 
ground oscillation.
T2ON, R20E: Areas of shallow groundwater are present at Sun 
Valley, Spanish Springs Valley and north Sparks. No SPT data 
was collected for Spanish Springs and Sun Valley and the 
liquefaction susceptibility is based on the criteria of table 
6. The basin fill deposits of Spanish Springs are grouped 
with the alluvial bajada deposits. Alluvial fan deposits 
surround the valleys and may be particularly susceptible to 
lateral spreads down slopes.
Borings in north Sparks along north McCarran Blvd. 
indicate the possibility for liquefaction with a slight
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increase in groundwater level from that at the time of 
sampling. The very low susceptibility rating is therefore 
consistent with the criteria of table 6.
T19N,_R18E: The possibility of liquefiable soils exists in
shallow groundwater areas along the Truckee River. Where 
bore—hole data is available, the most recent river deposits 
(unit Qt-jJ are found to be either very thin or were deposited 
in a dense state. Liquefaction mapping based on deposit type 
may, therefore, overstate the susceptibility for liquefaction. 
Lateral spread failure toward the banks of the river is a 
possible failure mode.
T19N, R19E: This area includes West Reno, downtown Reno and 
the South Virginia St. urban corridor.
Recent river deposits along the Truckee River such as at 
Lawton and Idlewild Park are considered to have moderate to 
high susceptibility to liquefaction. The Donner Lake and 
Tahoe outwash deposits which underlie the downtown area are 
generally very dense and have very to extremely low 
liquefaction susceptibility. A loose sandy layer is present 
at the Virginia St. overpass at 1-80 at a depth of 38 ft. 
yielded a Ac7>5 of 0.34g. The occurrence of liquefaction at 
this depth may not manifest itself at the surface but may 
induce settlement of deep foundations
Alluvial deposits south of Plumb Ln. are mapped as
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moderately to highly susceptible based on the criteria of 
table 6. Where bore-hole data is available the liquefaction 
susceptibility is generally found to be somewhat less.
T19N, .R20E: Much of the urbanized Reno-Sparks area including 
such major transportation links as: 1-80, U.S. 395, Southern 
Pacific Railroad line and the Reno-Cannon International 
Airport is included in this area.
The circular area of very low susceptibility near 
downtown Sparks reflects the lowering of groundwater from 
dewatering of the Helms gravel pit. If (as some suggestions 
have been made) the pit is allowed to fill, the liquefaction 
susceptibility of the area would increase.
Bore-hole data in Sparks between 1-80 and the Truckee 
River indicate near surface flood plain deposits, dominated by 
clay and silt, overlie loose to medium dense sands and gravels 
at depths of approximately 20 ft. This loose sand layer 
appears to be persistent throughout this area and is up to, 
and may exceed, 14 ft. thick. This susceptible layer occurs 
at moderate depths throughout this area and the likely mode of 
ground failure will be through ground oscillation.
The distribution of flood plain deposits mapped on the 
Vista quadrangle (Bell and Bonham, 1987) does not conform to 
that mapped on the Reno quadrangle (Bonham and Bingler, 1973). 
From bore-hole data it appears that there is a mantle of 
floodplain clays and silts, generally less than 10 ft. thick,
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over areas mapped as Tahoe outwash on the Reno quadrangle, 
east of the airport and south of Glendale Ave. The depth to 
groundwater is generally greater than the thickness of the 
floodplain deposits so the liquefaction susceptibility is 
controlled by the texture and relative density of the Tahoe 
Outwash which is typically clayey and dense.
Bore-hole data at Reno-Cannon Airport indicate 
groundwater depths of 5 to 10 feet. The northern half of the 
airport runway is underlain by floodplain deposits with high 
fines contents but locally liquefiable (i.e. fines < 45%) 
zones are present. The southern half of the airport runway is 
underlain by dominantly sandy alluvial deposits. Here, the 
most liquefiable layer varies from as little as 7 ft. to more 
than 25 ft. deep. Ground failure through lateral spreading is 
considered a strong possibility in the vicinity of dredged 
channels of the Airport Drain and Boynton Slough.
South of the airport along Longley Lane are some of the 
most highly susceptible soils encountered in this study. 
Soils are very loose to loose, dominantly poorly graded sands. 
The depth to the most liquefiable layer is generally at the 
groundwater table which in this area is 5 to 10 ft. deep. 
This area may be subject to quick-condition failure during 
high groundwater periods and lateral spreads in the vicinity 
of Dry Creek or other manmade cuts.
The Boynton Slough area near Hidden Valley is mapped as 
flood plain deposits. Based on the criteria of table 6 this
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area would be mapped as moderately to highly susceptible to 
liquefaction, however, due to the high groundwater conditions, 
a highly susceptible designation has been assigned.
The thickness of the Holocene alluvial and floodplain 
deposits thins gradually to the west and is underlain by dense 
outwash deposits. Groundwater depth increases westward 
likewise. Where liquefaction mapping is based on mapped 
geology and groundwater depths the susceptibility is probably 
overstated over a zone of some width near the western contact 
of Holocene deposits.
T19N, R21E: The possibility for liquefiable soils exists along 
the Truckee River. Borings at Lockwood indicate highly 
susceptible soils at shallow depths. Lateral spreading toward 
the banks of the river and quick condition failure in areas of 
shallow groundwater are likely failure modes.
T18N, R19E: Only approximately 1 sq. mi. of possible 
liquefiable soils exists in this area. The boundary of 
liquefiable soils is defined by the 60 ft. groundwater depth 
contour. No SPT data was collected, so the liquefaction 
susceptibility is based on mapped geology and groundwater 
conditions and the criteria of table 6. Unit Qp, mapped by 
Bonham and Rogers (1983) as pre-Holocene pediment gravel is 
included in the Pleistocene outwash category. The 
liquefaction susceptibility is probably reduced from that
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shown nsa.iT ths wsstsrn contact of Holocsns sediments whsrs 
groundwater depth exceeds the thickness of Holocene deposits*
T18N,— R2 0 E : T18N, R20E includes the proposed Double Diamond 
Ranch development, the Steamboat site and the northern end of 
Pleasant Valley.
The soils underlying the Double Diamond Ranch area are 
generally liquefiable sands and silty sands with groundwater 
depths less than 10 ft. Considerable bore-hole data was 
collected in the western portion of the flat alluviated valley 
floor from the Huffaker Hills south to Zolezzi Lane. A SSW 
trending zone of very low susceptibility extends from Huf faker 
Hills to the approximate location of Lumberjack Hardware 
store. Borings in this area indicate a very thin to 
nonexistent Holocene alluvium layer overlies Pleistocene 
outwash deposits. The liquefaction susceptibility in this 
zone is controlled by the Pleistocene deposits. For the rest 
of the Double Diamond area for which considerable bore-hole 
data is available, liquefaction susceptibility ranges from 
very high to moderate.
Where bore-hole data is not available, liquefaction 
susceptibility is based on geologic mapping by Trexler and 
McKinney (1980). No comprehensive groundwater map is 
available for the Steamboat quadrangle, however partial 
coverage is provided in Cohen and Loeltz (1963). Areas mapped 
as Quaternary alluvium with groundwater less than 5 ft. deep
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are identified as having very high liquefaction 
susceptibility.
Steep banks along Steamboat Creek could induce failure 
through lateral spreading. Steep alluvial fan deposits along 
the base of the Virginia Range are also susceptible to lateral 
spreading. Areas of high groundwater are susceptible to quick 







CHAPTER 4;Earthquake Induced Landslide Hazards
GENERAL
Earthquakes have long been known as a major cause of 
landslides. Damage resulting from landslides, in many cases, 
exceeds that caused by ground shaking, ground rupturing or 
liquefaction (Wilson and Keefer, in Ziony, ed. 1985). Fifty- 
six percent of the total damage costs resulting from the 1964 
Alaskan earthquake, was due to landslides (Wilson and Keefer, 
in Ziony, ed. 1985). In a study of large Japanese earthquakes 
since 1964, Kobayashi (1981) determined that more than half of 
all deaths were caused by landslides. Where particularly 
hazardous conditions exist, earthquake induced landslides have 
caused thousands of deaths including 18,000 people in one 
earthquake induced rock avalanche in the Peruvian Andes in 
1970 (Wilson and Keefer, in Ziony, ed. 1985).
The mountains surrounding the urbanized Reno-Sparks 
region pose a variety of slope stability hazards which are 
exacerbated by the earthquake potential of the region. 
Kachadoorian, et.al (1967) report rockfall, triggered by the 
1966 Truckee earthquake, along 1-80 and the railroad west of 
Verdi where rail traffic was blocked (Gates and Watters, 
1992) . A rockfall avalanche originating on Slide Mountain was 
apparently triggered by a large earthquake in 1852 (Slemmons, 
et.al., 1965).
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ASSESSING EARTHQUAKE INDUCED LANDSLIDE HAZARDS
In standard slope stability practice, the stability of a 
slope is described by a ratio of the sum of the forces 
resisting movement to the sum of forces imparting movement. 
When this ratio, termed the factor of safety, is equal to 1, 
slope movement is imminent. Many factors influence the 
stability of a slope including: 1) the composition, fabric and 
texture of the slope materials, 2) orientation, geometry and 
spacing of discontinuities and the nature of filling material, 
3) the slope profile, 4) hydrologic conditions and 5) 
vegetative cover (Varnes, 1984). Slope failure can be 
triggered by weakening of the slope material through 
weathering, frost or thermal expansion cracking, weakening of 
clays through hydration of clay minerals or changes in stress 
conditions resulting from works of man and changing hydrologic 
conditions. Earthquake ground motions can trigger large 
numbers of slope failures in a very short period of time.
During earthquake ground shaking, mainly vertically 
propagating shear waves impart a mainly horizontal 
acceleration to the slide mass. This seismically induced 
force will fluctuate and sporadically add to the forces 
imparting movement. The value of acceleration which causes a 
factor of safety equal to 1 is termed the critical 
acceleration (Ac) . The value of Ac is a function of slope 
material properties and the slope geometry and groundwater 
conditions only; it does not relate to the parameters that
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describe the earthquake. One can consider the value of Ac as 
the numerical measure of the stability of a slope and its 
susceptibility to an earthquake-induced landslide (Wilson and 
Keefer, in Ziony, ed. 1985).
For falls and disrupted slides, the resisting forces are 
greatly diminished shortly after the initiation of failure 
through seismic shaking, and gravitational and inertial forces 
will maintain movement resulting in total failure. For 
rockfalls the amount of displacement depends on many factors 
including, the height of fall, slope steepness, slope material 
properties, slope length, slope surface roughness, rock size, 
rock shape and rock durability (Pfeiffer and Higgins, 1988) . 
For coherent slides, resisting forces are maintained at or 
near their initial levels over large strains. The amount of 
displacement that will occur is dependent on the duration over 
which the seismic acceleration exceeds the critical 
acceleration (Wilson and Keefer, in Ziony, ed. 1985).
Since the seismic exposure over the area of the present 
study is nearly constant and the effects of local conditions 
on ground motions is minimal in upland areas underlain by 
bedrock, the seismically induced slope failure distribution is 
a direct reflection of the landslide susceptibility 
distribution under static conditions. Landslide 
susceptibility is therefore nearly synonymous with landslide 
potential. The likelihood of landsliding, however, is greatly 
increased by the seismic potential.
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PREVIOUS STUDIES
Many landslide hazard zonation studies have been carried 
out throughout the world. Nilsen and Brabb (in Borcherdt 
(ed) , 1975) evaluated the slope stability of the whole San 
Francisco Bay region at 1:125,000 scale. Geologic maps, slope 
maps and landslide deposit inventories are combined to define 
six relative susceptibility units. Similar evaluations of 
slope stability using predominantly the factors of lithology 
and slope have been used by many others including Blanc and 
Cleveland (1968), Obermeier (1979), Dobrovolny and Schmoll 
(1974) and Bowman (1972). A series of papers on earthquake- 
induced landslide hazards in the Salt Lake City area (in Gori, 
1993) address translational/rotational slide hazards, rockfall 
hazards and debris slide hazards. The geomorphic and climatic 
conditions of the Salt Lake region are similar in many ways to 
that of the Reno Sparks region.
Localized landslide hazard maps in the Reno-Sparks area 
have been prepared. Trexler and Bingler (1973) identify areas 
susceptible to debris-flows, rockfalls and landslides 
(rotational/ translational failures) in Cold Springs Valley. 
Trexler and Nichol (1981) identify debris-flow and slope 
stability hazards on the earthquake hazards map of the Vista 
and Steamboat quadrangles.
Keefer and Tannaci (1981) compiled earthquake-induced 
landslide information from 42 historical earthquakes. From 
this data base, Keefer (1984a, 1984b, 1993) and Keefer and
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Wilson (1985, 1989) have: 1) identified 14 earthquake-induced 
landslide types, 2) have identified the relative abundances of 
each landslide type, 3) determined the maximum area likely to 
be affected by each landslide types for various magnitude 
earthquakes, 4) developed empirical criteria for assessing 
earthquake-induced landslide susceptibility regionally.
Keefer (1989) specifically addresses earthquake induced 
landslides in semi-arid environments and provides the table, 
reproduced here as table 7, listing the relative abundance of 
the various landslide types. Landslide names used by Keefer 
conform to those of Varnes (1958).
LANDSLIDE SUSCEPTIBILITY OF THE RENO-SPARKS REGION
Table 7 provides a basis for determining which landslide 
types should be considered in assessing the earthquake-induced 
landslide susceptibility of the Reno-Sparks region. 
Consideration should also be given to active and historical 
landslides and the geologic, climatic and geomorphic factors 
peculiar to the region. Consideration is given to each 
landslide type given in table 6 and the following discussion 
assesses the applicability of these landslide types to the 
Reno-Sparks region.
Rock falls and shallow, disintegrating rock slides are by 
far the most common types of earthquake-induced landslides as 
indicated by the data compiled by Keefer and Tannaci (1981). 
Keefer (in Borchert, 1976) states that most shallow rock
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RELATIVE ABUNDANCE OF EARTHQUAKE-INDUCED LANDSLIDES
In all 42 historical 
earthquakes
In 17 earthquakes in 








(more than 10,000) 
Rock falls 
Rock slides
Abundant (10,000 to 100,000) 
Soil lateral spreads 
Soil slumps 
Soil block slides 
Soil avalanches
(2,000 to 10,000) 
Soil slumps 
Soil falls 




(1,000 to 10,000) 
Soil falls 
Rapid soil flows 
Rock slumps
(100 to 2,000) 
Disrupted soil slides 
Rapid soil flows 
Rock slumps 
Soil avalanches
Uncommon (100 to 1,000) 
Subaqueous landslides 
Slow earth flows 
Rock block slides 
Rock avalanches
(1 to 100)
Rock block slides 
Rock avalanches 
Slow earth flows
Table 7 (Keefer, 1989)
slides and falls originate on slopes of 35° or steeper. These 
landslides are particularly common in poorly cemented, closely 
jointed, or highly weathered rocks. Talus accumulations often 
occur below where the landslides originate.
Steep bouldery outcrops of volcanic, silicified volcanic, 
granitic and metamorphic rocks are common on the mountainous 
slopes and steep canyon walls surrounding the Reno-Sparks 
region. Earthquake induced rockfall and shallow rock slides, 
associated with these sites pose a significant hazard and are
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specifically addressed in this study. Poorly cemented rocks 
of the Sandstone of Hunter Creek are recognized as being 
susceptible to shallow rock slides. The analysis carried out 
below for rotational failure in the Sandstone of Hunter Creek 
includes shallow planar failure surfaces so the possibility of 
rock slides in the Sandstone of Hunter Creek in included with 
rotational failures. Identification of slopes susceptible to 
rock slides are based on the same criteria as for mapping 
rockfall so that areas identified as susceptible to rockfall 
are also susceptible to rock slides.
The areal distribution of slopes susceptible to 
earthquake-induced soil slumps, soil falls and soil block 
slides was not addressed in this study since it was felt that 
this type of slope failure presents a very limited hazard at 
the scale undertaken in this study. Localized hazards from 
these slide types exists along stream banks, fault scarps and 
man made cuts and are best addressed on a site specific basis.
Soil lateral spreads occur as a result of liquefaction of 
a subsurface layer with movement occurring down slope or 
toward a free face. This ground failure type is considered in 
Chapter 4 of this thesis.
Keefer (1984a) describes disrupted soil slides as sheets 
of soil a few decimeters to a few meters thick that 
disintegrate during movement into small blocks and individual 
soil grains. Most slide on basal shear surfaces formed at 
soil-bedrock contacts or at boundaries between soil layers.
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The material most commonly involved in disrupted soil slides 
is loose, unsaturated, residual or colluvial sand with little 
or no clay.
The mountainous slopes around the Reno-Sparks region with 
accumulated colluvial and residual debris are considered to 
pose a significant hazard due to earthquake induced soil 
slides and are identified and mapped. Soil avalanches as 
described by Keefer (1984a) are similar to disrupted soil 
slides except that they move faster and farther. Areas 
identified as susceptible to disrupted soil slides could 
develop into soil avalanches.
Rapid soil flows, as described by Keefer (1984a), involve 
saturated material (with one possible exception) associated 
more with periods of heavy rainfall than with earthquake 
triggering. This slide type was therefore not considered.
Rock slumps, herein referred to as rotational rock 
failures, consist of deep seated blocks that slide on a curved 
basal shear surface so that movement involves a component of 
headward rotation (Keefer, 1984a). Several rock slumps, 
associated with the Sandstone of Hunter Creek, are known in 
the Reno-Sparks region (as discussed below under "Mapped 
Slides") and susceptible slopes could be activated during an 
earthquake. This slide type is therefore specifically 
addressed in this study.
Rock block slides, as described by Keefer (1984a) are 
generally deep seated blocks that slide on an existing
50
discontinuity that dips out of the slope. Mapping of 
discontinuities at a regional scale is not feasible for this 
study so this slope failure type was not specifically 
addressed. Where bedding attitudes are shown on existing 
geologic maps, the possibility of block slides is considered 
and is included in the rotational rock failure category.
Rock avalanches pose a major hazard south of the study 
area, west of Washoe Lake. Tabor, et.al. (1993) and Watters 
(1983) provide information on this hazard.
Slow earth flows as discussed by Keefer (1984a) occur in 
saturated clay deposits on slopes greater than 10°. As the 
saturated clay deposits in the study area occur in flat playa 
lake settings, this slide type was not considered.
The landslide types addressed in this study which are 
considered to pose a significant hazard due to earthquake 
shaking are: 1) Rockfalls and rock slides, 2) Rock slumps (and 
rock block slides where bedding attitudes are known) and 3) 
shallow disrupted soil slides which includes the possibility 
of soil avalanches.
EARTHQUAKE-INDUCED LANDSLIDE SUSCEPTIBILITY MAPPING PROCEDURE 
Mapped Slides
In an earthquake induced landslide mapping procedure 
presented in Keefer (1993), all mapped landslide deposits are
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designated as having a high susceptibility to reactivation 
during an earthquake. This criteria is also followed here. 
Geologic mapping at 1\ min. scale available for the Reno- 
Sparks area identifies many landslide deposits, some of which 
appear to be active. Additionally, several geotechnical 
reports were obtained relating property damage resulting from 
slope failure of other unmapped slides.
Subjective rating of the stability of geologic units is 
greatly improved by determining the numbers of landslides that 
occur in various geologic units (Varnes, 1984). Due to the 
arid conditions in the Reno-Sparks region, relatively few 
landslides are present in the study area and a statistical 
treatment of landslide distribution in relation to geologic 
units is not possible. It is nonetheless informative to 
compile information on the mapped or identified landslide 
deposits of the region. The following paragraphs discuss some 
of the landslide deposits for which information has been 
collected. Table 8 is a summary of all mapped slide deposits 
in the study area.
Bingler (1976) discusses the Mogul Slide, located five 
miles west of downtown Reno on the south bank of the Truckee 
River. Bingler states that the Mogul Slide exhibits a history 
of movement for at least the last 100,000 years. From aerial 
photos, numerous arcuate headscarps can be identified 
over an area of more than % sq. mi. The northernmost slide 
area is undergoing active toe erosion by the Truckee River and
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Name/Location Rock Type Slide Type
Mt. Rose NE Quad.
D r y  C r e e k / s e c . 1 4 , T 1 8 N , R 2 1 E H u n t e r  C r e e k  
D i a t o m i t e
R o c k  S l u m p
E v a n s  C r e e k / s e c . 8 , T 1 8 N , R 1 9 E K a t e  P e a k  A n d e s i t e R o c k  S l i d e ( ? )
S k y l i n e  V i e w  D r . / s e c . 27, 
T 1 9 N ,  R 1 9 E
P e d i m e n t  D e p o s i t  
/ H u n t e r  C r e e k  
S a n d s t o n e
S o i l / R o c k  S l u m p  
& S h a l l o w  S l i d e
A l u m  C r e e k / s e c . 3 2 , T 1 9 N , R 1 9 E K a t e  P e a k  A l t e r e d  
A n d e s i t e
O
s e c . 27, T 1 8 N ,  R 1 9 E K a t e  P e a k  A n d e s i t e R o c k
S l i d e / F a l l (?)
s e c . 30, T 1 8N, R 2 0 E P e d i m e n t  D e p o s i t S o i l  S l u m p ( ? )
Reno Quad.
O ' F a r r e l  S t . / N E ^  s e c . 3 , T 1 9 N ,  
R 1 9 E
H u n t e r  C r e e k
S a n d s t o n e /
D i a t o m i t e
R o c k  S l u m p
Verdi Quad.
M o g u l / s e c . 14, T19N, R 1 8 E H u n t e r  C r e e k  
S a n d s t o n e
R o c k  S l u m p
V e r d i / s e c s . 17,20, T 1 9 N ,  R 1 8 E H u n t e r  C r e e k  
S a n d s t o n e
R o c k  S l i d e ( ? )
s e c s . 2 1 , 2 2 ,  T19N, R 1 8 E H u n t e r  C r e e k  
S a n d s t o n e
R o c k  S l i d e ( ? )
R e d  R o c k / s e c . 2 ,  T 2 0 N ,  R 1 8 E T e r t i a r y  S a n d s t o n e R o c k  B l o c k  
S l i d e ( ? ),L a t e r a l  
S p r e a d {?)
Vista Quad.
s e c s . 7,8, T 1 9N, R 2 1 E K a t e  P e a k  A n d e s i t e R o c k s l i d e (?)
V i s t a /  s e c . 13, T19 N ,  R 2 0 E K a t e  P e a k  A n d e s i t e  
& M e s o z o i c  M e t a v o l c
Table 8: Inventory of mapped and reported landslides and 
landslide deposits in the Reno-Sparks region.
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has surface tension cracks and disrupted vegetation indicating 
that it is currently active. This slide occurs in moderately 
to poorly indurated, medium to coarse sandstone of the Hunter 
Creek Formation.
The Dry Creek Slide is identified on the Mt. Rose NE 
geologic quadrangle (Bonham and Rogers, 1983) in the W% sec. 
14, T18N, R19E occurring in the Sandstone of Hunter Creek. A 
brief field examination was made of the Dry Creek Slide during 
which time a surface profile was surveyed, geologic 
observations were made and samples collected. At least four 
nested east facing arcuate headscarps are recognizable west of 
the Dry Creek drainage (figure 5a and 5b) . Rock exposures near 
the base of the slide are a white, very light weight, 
diatomite with some woody fragments. Dense undergrowth along 
this portion of the creek is uncharacteristic of the area in 
general and is likely indicative of spring water discharge. 
A circular failure analysis was done using the XSTABLE program 
applying Bishop's method. Figure 5 shows the profile 
measured, the assumed groundwater conditions applied in the 
analysis and the most critical failure surface. Dry unit 
weight and saturated unit weight of the diatomite was measured 
in the laboratory and yielded values of 33.3 pcf and 70.1 pcf 
respectively. A cohesion of 200 psf and a friction angle of 
2 5° was assumed based on data collected from other 
diatomaceous samples (lowered slightly due to its particularly 
soft and less indurated nature compared with other
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diatomaceous samples). A factor of safety very close to unity 
was obtained under static conditions indicating that the Dry 
Creek Slide is highly susceptible to earthguake induced 
movement.
A landslide deposit mapped on the Verdi (Bell and 
Garside, 1987) and Reno NW (Soeller and Nielson, 1980) 
geologic maps occurs just west of the Red Rock interchange. 
A brief reconnaissance was made of this area. Two northwest 
trending sag pond features are present near the head of the 
landslide deposit and are coincident with a set of northwest 
trending faults mapped on the Verdi quadrangle. Railroad cuts 
through the landslide deposit expose soft friable Tertiary 
sandstones locally issuing groundwater. The overall gradient 
of the landslide deposit is only about 10% (6°) and from a 
generalized slope stability analysis is quite stable. Two 
possibilities are suggested for the origin of this landslide 
deposit, both related to earthquakes. First, repeated fault 
displacement on the mapped northwest trending faults may have 
caused local oversteepening resulting in slope failure. 
Secondly, from the liquefaction analysis portion of this 
thesis, Tertiary sediments are known to locally be susceptible 
to liquefaction. The presence of springs indicates that there 
is indeed high groundwater, perhaps a perched condition. 
Liquefaction of an underlying layer could easily allow lateral 
movement on slopes of 10 percent.
A report by Penzonella and Associates (1979) identify
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translational/rotational landslides in the vicinity of Skyline 
View Drive (NW h sec. 27, T19N, R19E). These landslides occur 
in an area mapped as Quaternary Peavine Fan deposits which 
overlie the sandstone member of the Sandstone of Hunter Creek 
at fairly shallow depth. It is possible that the failure 
surface is at the contact or within the Sandstone of Hunter 
Creek. A northeast trending fault is also identified passing 
through the landslides. Fault displacement may have initiated 
slope failure.
Bell (1976) reported on a slope failure occurring at 1835 
and 1865 O'Farrel St. in northwest Reno (SW NW sec. 3, 
T19N, R19E). Here a thin veneer of pediment deposits overlies 
the diatomaceous member of the Sandstone of Hunter Creek. The 
slide is a rotational slump and at the time of Bell's 
examination a vertical displacement of 1 to 3 ft. had 
occurred.
No specific information was collected in this study or is 
known of in the literature for the other mapped slides in the 
study area. Table 8 provides an inventory of the known slide 
deposits, their locations, the slide type where known, the 
associated rock units and names assigned to many of the 
slides.
The slides reported here and all other landslide deposits 
identified on existing geologic maps are identified on Map 2 
by a net pattern and given a high susceptibility rating 
designated by a "1" on the maps.
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Rockfall and Shallow Rock-Slide Mapping Procedure
Areas of bouldery outcrops and talus accumulations were 
identified from 1:12,000 and 1:40,000 low-sun angle photos 
housed at the Nevada Bureau of Mines and Geology. Areas were 
designated a low, moderate or high hazard based on the 
criteria of table 9.
Rockfall Hazard Mapping Criteria
Slope Height < 100' 1001-3 00' 300'-600' > 600'
Slope Steepness
< 50 % 3 3 3 2
> 50 % 2 1 1 1
Table 9: Rockfall hazard rating criteria. l=high hazard, 
2=moderate hazard, 3=low hazard.
Slope maps are available for most of the study area. 
These maps identify slopes greater than 50 percent (26.5°) 
facilitating hazard rating. While it was stated above that 
rockfalls originate of slopes greater than 35°, an overall 
slope inclination of 26.5° will likely have steeper cliffs in 
outcrop areas that would not show up on a 7% min. map scale. 
Bouldery outcrops occurring on slopes with an overall 
inclination less than 50 percent will likely have less steep 
cliffs of lower height.
A particular rockfall hazard associated with large 
boulders within a weak matrix in outwash deposits along steep 
banks of the Truckee River has been recognized and mapped west
of Reno.
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Areas of rockfall susceptibility are identified by a 
cross pattern and a superimposed hazard rating value 
representative of an approximately 1000 ft. X 1000 ft. area is 
shown on Map 2.
Rotational Rock Failure Mapping Procedure
The particular susceptible of the Hunter Creek Formation 
to rotational sliding is evident from the distribution of 
mapped slides in the study area. All known rotational rock 
movements in the study area occur in the Sandstone of Hunter 
Creek. If rotational rock failures do occur in other units, 
their origin is likely related to localized factors which are 
difficult to assess on a regional scale. Regional assessment 
of earthquake-induced rotational rock failures are therefore 
limited to areas underlain directly or at shallow depth by the 
Sandstone of Hunter Creek and the age equivalent "Tertiary 
Sediment" as mapped in the northern valleys.
The Sandstone of Hunter Creek is composed of two members, 
a lower part composed of weakly bedded, very light-colored to 
white diatomite that grades upward into intercalated diatomite 
and gray diatomaceous sandstone. These beds are conformably 
overlain by a succession of interbedded fine sandstone and 
pebbly sandstone (Bingler and Bonham, in Bingler, 1976).
From a limited amount of rock testing and data obtained 
from local geotechnical companies, unit weight and rock
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strength values were assigned to represent average values for 
sandstone and diatomaceous siltstone of the Sandstone of 
Hunter Creek. The values used are given in table 10. The 
"Tertiary Sediments" mapped in the northern valleys are mainly 
sandy in areas with slopes exceeding 3 0 percent and were 
analyzed using the properties of sandstone.
Rock Type Y m o i s t ( P C f ) Y s*f (pcf) C (psf) 0
Sandstone 105 121 500 36°
Diatomaceous
Siltstone
75 82 300 29°
Table 10: Assumed rock properties assigned to dominant 
lithologies of the Sandstone of Hunter Creek.
Stability calculations were carried out using the XSTABLE 
program for the idealized surface profile and water conditions 
shown is figure 6. The minimum horizontal earthquake 
acceleration to cause a factor of safety equal to 1 was 
determined through trial and error for various slope heights 
and slope angles under a wet condition and dry condition for 
the assumed rock properties. The results of these analyses 
provide for the graphs in figure 7a through 7d.
From geologic and topographic maps the rock type, slope 
height and slope angle can be assessed. Dry conditions were 
assumed unless the area was: 1) in a residential area subject 
to irrigation and septic infiltration, 2) in an area of mapped 
shallow groundwater or spring discharge, 3) along the banks of 
the Truckee River or 4) below one of the irrigation ditches 
common to the foothills around Reno.
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Hunter Creek Sandstone 
Dry CondHon




15 (tegram —♦— 2 0  ctegraa 30 d ^ M  40 dagraa
( b )
Hunter Creek Diatcmoceous Siltstone
Dry Good Hon
15 dagraa — 20  Oagraa ~ 30 dagraa - ® -  40 dagraa
(C)
Hunter Creek Diatomoceous Siltstone
Wat Condition
15 dagraa 20 dagraa - * * “  30 dagraa - e - 40 dagraa
( d )
Figure 7: Charts for Rating the Susceptibility of the 
Sandstone of Hunter Creek to rotational and shallow planar 
(translational) failure.
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From the above information and by using the graphs in 
figures 7a through 7d, the critical acceleration to cause 
rotational or translational failure for this idealized and 
generalized condition can be assessed. A relative rating of 
the susceptibility of slopes underlain by the Sandstone of 
Hunter Creek to earthquake induced rotational failure was 
determined by this method. A gross indication of the levels 
of acceleration to initiate failure may also be addressed.
On Map 2, areas underlain directly or at shallow depth by 
the Sandstone of Hunter Creek or Tertiary sediments (unit Ts 
on Reno NE and Reno NW quadrangles) , on slopes greater than 30 
percent (16.7°) were outlined. Within each of these outlined 
areas, slope heights and slope angles were measured from the 
l\ min. scale maps and dry or wet designation made at spacings 
of approximately 2,000 feet. The critical acceleration (Ac) 
was determined from the appropriate graph in figures 7. Using 
the same ground acceleration intervals as in the liquefaction 
part of this thesis, the following relative slope rating 






Ac < 0.2g 1 High
0.2g < Ac < 0.4g 2 Moderate to High
0.4g < Ac < 0.6g 3 Moderate
0.6g < Ac < 0.8g 4 Low
0.8g < Ac < lg 5 Very Low
Table 11: Rock Slump Hazard Rating Criteria
SHALLOW DISRUPTED SOIL SLIDE MAPPING PROCEDURE
Accumulations of rockfall and rock slide debris on steep 
slopes and residual soil material subject to downslope creep 
processes are possible source materials for shallow soil 
slides during earthquake shaking. Soil materials that are 
most likely to fail as a result of earthquake shaking, under 
the typically arid conditions faced in the Reno-Sparks region, 
are coarse and cohesionless (Keefer, 1984a).
Three sets of criteria were used to delineate areas 
thought to have susceptibility to shallow disrupted soil 
slides. First, the upper steeper portions of Quaternary fan 
and eolian sand deposits with slopes greater than about 30 
percent are identified. Secondly, from aerial photo 
observations and slope maps, talus accumulations on slopes 
exceeding 30 percent are easily recognized and are considered 
to be susceptible to sliding during earthquake shaking. 
Lastly, cohesionless soils on slopes exceeding 50 percent as 
identified from soil survey mapping (U.S.D.A., Soil
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Conser.Ser., 1980) are locally designated as susceptible to 
soil slides.
Slopes susceptible to earthquake-induced shallow 
disrupted soil slides are distinguished from slopes which are 
likely to fail during heavy rains and result in debris flows. 
These slopes are identified by a drainage network pattern and 
occurrence in clayey soil (since clays lose shear strength 
with an increase in water content). In order to assess, in a 
general way, the types of slopes that may be subject to 
shallow soil slides, determinations of the acceleration 
required to cause failure for the profile and failure surface 
shown in figure 8 were made for various friction angles (<£) 
angles. The results are presented in figure 9. From figures 
8 and 9 it is seen that slopes of 30 percent or greater could 
be subject to shallow soil slides at the levels of ground 
acceleration which could be attained in the Reno-Sparksregion. 
Because of the many factors that influence susceptibility of 
soil slides that could not be assessed regionally such as soil 
thickness, friction angle, degree of saturation at the time of 
the earthquake, nature of the failure surface, etc., no 
relative rating is given for shallow disrupted soil slides.
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Shoflow Disrupted Soil SBde
Figure 9: Relationship between 
critical acceleration to cf> 
angle for shallow soil slides 
for profile given in figure 8.
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DISCUSSION OF EARTHQUAKE-INDUCED LANDSLIDE MAP
The earthquake-induced landslide susceptibility map (Map 
2 enclosed in the back pocket) provides a useful summary of 
areas prone to earthquake-induced landslides in the Reno- 
Sparks region. While every effort has been made to be 
diligent in identifying hazardous areas, there may well be 
oversights. In particular, less attention was paid to areas 
well away from urban development and the recognition of areas 
susceptible to soil slides is particularly subjective. Also, 
many localized hazardous conditions cannot be addressed at the 
scale undertaken here.
T2IN, R18E: The steep slopes of Petersen Mountain and Granite 
Hills have bouldery, strongly jointed and fractured bedrock 
outcrops and pose a high to moderate hazard due rockfall 
and/or shallow rock slides. The granitic slopes west of 
Silver Lake appear to be particularly susceptible to rockfall 
as evidenced by the accumulation of boulders near the base of 
the slope.
A number of slopes exceeding 30 percent in Tertiary 
sediments are identified as susceptible to rotational/ 
translational movements during earthquake shaking. These 
slopes were analyzed under dry conditions using the properties 
for sandstone given in table 10.
The steep, upper parts of the alluvial fan deposits, 
which are fed by areas identified as susceptible to rockfall
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and slides on Petersen Mountain, are mapped as susceptible to 
shallow disrupted soil slides.
T21N,__R19E: Bouldery outcrops of granitic bedrock are
extensive in the hills east of Stead and Lemmon Valley. 
Slopes are generally less than 50 percent however localized 
steep cliffy outcrops pose a high hazard. Windblown sand 
deposits occur north of Lemmon Valley on steep slopes. These 
deposits are considered susceptible earthquake-induced soil 
slides.
T2ON, R19E: The mapped landslide at Red Rock is present in 
section 2 and is assigned a high hazard rating. Although the 
slide appears inactive, it may owe its origin to earthquake 
induced processes, as discussed above under the section on 
Mapped Slides. Nearby slopes exceeding 30 percent, underlain 
by Tertiary sediments are considered to have low 
susceptibility to translational/ rotational failure. These 
slopes were assumed to be dry, however, there is the 
possibility of perched groundwater conditions in this area.
Moderate to high rockfall hazards exist at the southern 
end of the Granite Hills.
The possibility of soil slides is indicated on the NE 
facing slope of Peavine Peak and the steep upper parts of the 
alluvial fans fed by this NE facing slope.
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T20N, R19E:. Low rockfall hazards exist in the northern part of 
this township associated with Mesozoic granitic rocks on 
slopes of less than 50 percent. In the SE portion of this 
township, moderate to low rockfall hazards are associated with 
silicified volcanic outcrops.
Soil slide potential is identified on steep NE facing 
slopes in cohesionless soils (U.S.Dept. Ag. , 1980) in section 
19.
T20N, R20E: Several isolated rockfall hazard areas are 
identified north of Wildcreek Golf Course and in the Pah Rah 
Range east of Sparks.
Soil slide potential exists west of Spanish Springs on 
the steep upper portions of alluvial fan deposits. These fan 
deposits are identified as late-Pleistocene in age (Bell and 
Bonhan, 1987) and occur on slopes that are rarely steeper than 
30 percent and therefore probably represent a low hazard. 
Southeast of Spanish Springs Valley soil slide potential is 
mapped in association with eolian sand deposits on steep gully 
slopes.
T20N.R21E: East of Spanish Springs valley, shallow soil slide 
potential is identified in association with eolian sand 
deposits on slopes of greater than 30 percent.
One small rock area in Tertiary andesite is identified as 
susceptible to rockfall.
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T19Ni— R18E:. T^e area from Mogul to the California state line 
includes the highest concentration of earthquake-induced slope 
failure hazards in the study area due in part to the 
widespread exposures of the Sandstone of Hunter Creek and also 
to down cutting by the Truckee River.
Mapped landslide deposits occur along slopes south of the 
Truckee River in association with the Sandstone of Hunter 
Creek, south of Verdi and south of Mogul. These areas are 
assigned a high hazard rating.
North of Mogul, several areas with high to low hazard 
ratings for rockfall are identified in granitic outcrops. 
Several small localized areas with rockfall/slide potential 
are present along steep cut banks of the Truckee River in 
assorted Tertiary volcanic exposures
The Sandstone of Hunter Creek crops out extensively in 
the area and all slopes exceeding 30 percent are identified as 
susceptible to rotational/translational failure. The relative 
hazards ratings shown on the map are based on the criteria of 
figures 7(a-d) and table 11.
No shallow soil slides are identified in this area, 
however some of the steep slopes in the Sandstone of Hunter 
Creek appear, from aerial photo observations, to have failed 
by this mode or perhaps in a wet state as debris slides.
T19N.R19E: A landslide deposit is identified by Bonhan and 
Rogers (1983) in section 32 in hydrothermally bleached
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Tertiary andesite and is assigned a high hazard rating.
Rotational/translational failure potential is identified 
in association with sandstone and diatomateous siltstone 
facies of the Sandstone of Hunter Creek along steep slopes 
near the Truckee River, gully slopes in the Skyline area and 
northeast Reno, Mae Anne area. Steep slopes north of the 
Truckee River in bouldery gravel deposits are also identified 
as susceptible to rotational/translational failure. These 
slopes also present a hazard for rockfall potential from large 
boulders in an unconsolidated sandy matrix.
T19N, R20E: A mapped landslide deposit is identified east of 
Vista on the south bank of the Truckee River (Bell and Bonham, 
1987) .
Numerous rockfall hazards are identified in the Huffaker 
Hills, the steep walled canyons of the Virginia Range and 
locally in the Pah Rah Range east of Sparks. Rockfall hazards 
along 1-80 east of Sparks are controlled by rockfall 
protection measures.
Soil slide potential is fairly widespread on the 
oversteepened, fault controlled slopes along the base of the 
Virginia Range.
T19N, R21E: Rockfall/slide and soil slide hazards are present 
along much of the steep-walled Truckee River Canyon between 
Vista and Lockwood.
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T18N, R19E: The Dry Creek Slide presents the most prominent 
slope hazard in this area. Exposures of diatomaceous 
siltstone are restricted the slide area however it may be 
present at shallow depth under a cover of outwash deposits 
elsewhere in the vicinity. The sandstone facies presents a 
low hazard at the slope heights encountered in this area.
Small isolated rock outcrops in Tertiary volcanics 
present a low rockfall hazard.
T18N, R20E: A small landslide deposit is identified in section 
3 0 in a fault steepened slope in outwash deposits on the Mt. 
Rose fan complex. Numerous such fault scarps are present 
throughout this area and small unidentified soil slumps are 
possible as a result of fault movements.
Rockfall/slide potential exists at the southern end of 
the Huffaker Hills and in the steep canyons of the Virginia 
Range.
Soil slides potential, associated with upper portions of 
fan deposits, eolian sand deposits and colluvial and talus 
accumulations at the base of steep cliffs, is present along 
the west side of the Virginia Range.
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Chapter 5: Summary and Conclusions
SUMMARY
The physiography, tectonic setting and the geologic 
history of the Reno-Sparks region has resulted in conditions 
which cause the area to be vulnerable to a variety of hazards 
associated with earthquakes. This study specifically 
addresses the secondary permanent earthquake effects, as 
discussed by Richter (1958), of liquefaction and landslides.
The low-lying valley areas have accumulations of recently 
deposited, loose, cohesionless sediments and shallow 
groundwater depths causing these areas to be most susceptible 
to liquefaction induced ground failure. The liquefaction 
susceptibility map was prepared in terms of the peak 
earthquake acceleration occurring at the ground surface that 
is required to cause liquefaction during a magnitude 7.5 
event. The acceleration to cause liquefaction for other 
magnitude events is obtained by applying the correction 
factors given in table 3. Where SPT data is sparse or 
lacking, the liquefaction susceptibility is in relative terms.
The recently published report by Siddharthan, et.al. 
(1993) defines the return times for peak acceleration on 
bedrock to be expected in the region. Soil site conditions 
and resonance effects can have a profound influence on the 
peak acceleration at the ground surface. Future work 
resulting in a map which depicts the distribution of site
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conditions in terms of site amplification factors could be 
combined with the liquefaction susceptibility map developed in 
this study to produce a liquefaction hazard map in terms of 
bedrock acceleration. The potential for the development of 
liquefaction at various sites could then be assessed for a 
postulated earthquake.
The absolute hazards associated with landslides in the 
Reno-Sparks region are relatively modest. Hazards associated 
with rock slides and rockfalls, the most common earthquake- 
induced landslide type, are mainly limited to unpopulated 
upland areas. As urban growth continues, more consideration 
might be given to the hazard. Major transportation corridors, 
particularly 1-80, both east and west of the Truckee Meadows 
are prone to rockfall and slides. The major hazards exist 
outside of the study area. Where within, they are generally 
controlled by rockfall protection measures. Evaluation of the 
effectiveness of these measures is beyond the scope of this 
study.
Coherent slides are generally responsible for little 
damage or loss of life as a result of earthquakes since the 
stabilizing forces are maintained near their original levels 
after ground motion ceases. Moderate damage to residential 
structures, particularly in the Skyline and Mae Anne areas of 
Reno, is probably the most consequential result of this 
hazard.
The absolute hazard posed by soil slides is uncertain.
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Coherent slides are generally responsible for little 
damage or loss of life as a result of earthquakes since the 
stabilizing forces are maintained near their original levels 
after ground motion ceases. Moderate damage to residential 
structures, particularly in the Skyline and Mae Anne areas of 
Reno, is probably the most consequential result of this 
hazard.
The absolute hazard posed by soil slides is uncertain. 
The 1971 San Fernando earthquake caused a large number of such 
failures. The weathering and topographic conditions there are 
perhaps similar enough to the western Nevada to suggest a 
similar result in the Reno-Sparks region. The areas which are 
probably most prone to soil slides include, the northeast 
facing slopes of Peavine Mountain and the base of the Virginia 
Range.
Additional compilations and analyses of the mapped and 
identified landslide deposits in the Reno-Sparks area would 
help in identifying landslide prone areas.
FUTURE STUDIES
In order to assess the hazards posed by liquefaction, 
ground amplification factors resulting from local site effects 
need to be evaluated. The effects of impedance contrasts in 
a vertically layered soil sequence on the amplitude of ground 
motion and resonance effects at frequencies of interest should 
be assessed and mapped throughout the Reno-Sparks region. The
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information compiled in this study on thickness of the 
Holocene may be useful for mapping resonance effects at higher 
frequencies and the effects of soil amplification through 
impedance contrasts.
Previous earthquake hazard mapping in the Reno-Sparks 
region (Szecsody, 1983a, 1983b; Bingler, 1974; Tabor et al., 
1983) has assessed site effects through the use of the 
Medvedev seismic coefficient. The Medvedev seismic coefficient 
assesses the degree of amplification by the shear wave 
velocity and density of the near-surface soils. This approach 
does not take consideration of the effect of a layered 
situation or resonance effects.
Another approach to mapping the distribution of site 
effects that has been applied in a number of studies carried 
out in the 1970's and 1980's (Borcherdt, et.al., in Borcherdt 
(ed), 1975; Tinsley and Fumal, Rogers, et.al., in Ziony (ed), 
1985) recorded ground motions from distant nuclear tests on 
sites of known but varying site conditions. The determined 
amplification factors were applied to other sites with similar 
site conditions. With recent improvements in recording 
technology, a similar approach might also be possible using 
micro-seismic events. The site conditions of interest include 
information to considerable depths. A basinal stratigraphic 
analysis including depth to bedrock is a piece of basic 
geologic information which would greatly facilitate mapping of 
site effects.
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Additional refinements of the liquefaction susceptibility 
map can be made with further SPT data compilations. Inclusion 
of liquefaction data in a Geographic Information System (GIS) 
database could facilitate data retrieval
The landslide hazards of the Reno-Sparks region could be 
better assessed with more information on the known landslide 
deposits in the region as identified in table 8.
CONCLUSIONS
The Reno-Sparks region faces a significant risk due to 
liquefaction and landslides as well as other hazards 
associated with earthquakes such as ground rupturing, seismic 
settlement and amplified ground shaking. This study will 
hopefully aid in future earthquake hazard assessments of the 
region which expand on the data compiled here and which 
include the effects of site amplification.
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G.W. Holocene Geologic Notes
Depth Thickness Unit
> 4 Qa nonliquefiable
13 1 Qa pre-Holocene
12 16 Qa Holocene
5 >22 Qa Holocene
1 19 Qa Holocene
7 >13 Qa XS Fines
7 >13 Qa Holocene
0.25 >10 Qa Holocene
0.1 >16 Qa Holocene
0.1 >18 Qa Holocene
0.1 21 Qa Holocene
0.1 >21 Qa Holocene
1 24 Qa Holocene
0.1 22 Qa Holocene
0.1 22 Qa Holocene
2 >21 Qa Holocene
2 >10 Qa Holocene
4 0 Qdm pre-Holocene
11 31 Qa Holocene
11 23 Qa Holocene
11 26 Qa Holocene
1 5 Qa Holocene
3 >14 Qa Holocene
2 >10 Qa Holocene
9 >10 Qa Holocene
7 >13 Qa Holocene
8 >10 Qa Holocene
8 >10 Qa Holocene
0 20 Qa Holocene
2 >10 Qa Holocene
1 8 Qa Holocene
4 >14 Qa Holocene
2 >10 Qa Holocene
3 >10 Qa Holocene
Appendix 1
UTM Coords. Hole Depth to Crit.Acc. G.W. Holocene Geologic Notes
Easting Northing Elcv. Depth Lique. M  7.5 Depth Thickness Unit
168793 1706641 4485 10 2 0.14 2 >10 Qa Holocene
166448 1706707 4517 19 6 1 6 0 Qdm pre-Holocene
181021 1706903 4460 41 27 0.27 9 >41 Qf Holocene
180965 1706911 4459 40 0 1 9 >40 Qf XS Fines
180946 1706912 4460 42 27 0.15 9 >42 Qf Holocene
167325 1707228 4498 13 6 0.36 6 3 Qa pre-Holocene
166517 1707532 4504 16 4 0.34 4 14 Qa Holocene
166419 1707609 4512 20 8 0.63 5 1 Qa pre- Holocene
167435 1707650 4494 18 12 1 6 0 Qdm pre-Holocene
166955 1707695 4495 18 6 0.13 5 >18 Qa Holocene
166277 1707710 4515 16 3 1 3 1 Qdm pre-Holocene
171624 1707773 4478 27 3 0.31 3 24 Qa Holocene
170519 1707803 4455 10 2 1 2 >10 Qa Holocene
169394 1707824 4469 10 2 0.19 2 >10 Qa Holocene
166708 1707829 4493 17 5 0.28 4 14 Qa Holocene
168362 1707884 4498 10 2 0.58 2 6 Qa Holocene
167338 1707889 4491 10 2 3 3 Qdm nonliquefiable
171030 1708075 4466 27 9 0.47 3 25 Qa Holocene
171945 1708187 4454 27 16 0.35 8 >27 Qa Holocene
169001 1708254 4472 32 18 0.62 5 >32 Qa Holocene
170283 1708286 4456 27 8 0.31 7.5 >27 Qa Holocene
166951 1708410 4488 42 11 1 6 4 Qa pre-Holocene
169563 1708525 4465 27 8 0.22 5 >27 Qa Holocene
168831 1708795 4470 10 5 0.53 2.5 >10 Qa Holocene
169966 1708841 4459 10 2 1 2 >10 Qa Holocene
166823 1708881 4490 10 2 3 2 Qdm nonliquefiable
167853 1708893 4478 10 7 1 7 >10 Qa Holocene
169657 1709066 4462 27 13 0.17 4 >27 Qa Holocene
166027 1709074 4503 20 11 0.38 6 4 Qa pre-Holocene
171678 1709155 4449 27 4 0.18 4 21 Qa Holocene
170517 1709198 4442 32 12 0.2 4 >32 Qa Holocene
171215 1709385 4454 26 10 0.25 7 >26 Qa Holocene
170764 1709525 4444 27 6 0.38 6 >27 Qa Holocene
167060 1709614 4480 10 3 0.28 3 6 Qa Holocene
Appendix 1
UTM Coords. Hole Depth to Crit.Acc.
Easting Northing Elev. Depth Liquc. M  7.5
169447 1709652 4461 10 2 0.3
168435 1709686 4470 10 3 1
166509 1709690 4484 46 33 0.18
170633 1709743 4455 10 3 1
170208 1709751 4442 28 24 0.21
171689 1709774 4445 10 3 0.37
170016 1709780 4442 22 22 0.14
166321 1709828 4492 62 46 0.2
166225 1709838 4494 46 28 0.22
171353 1709866 4448 27 7 0.81
169623 1709869 4444 32 8 1
171134 1710014 4451 24 1 0.12
170482 1710036 4453 25 15 0.25
169952 1710062 4444 37 14 0.63
170684 1710108 4453 16 2 0.78
170206 1710150 4455 32 15 0.24
171150 1710245 4451 30 7 0.17
170973 1710390 4452 26 15 0.11
170588 1710482 4454 25 14 0.09
170129 1710592 4459 10 6 1
171022 1710593 4452 22 10 0.11
168986 1710619 4465 10 2 0.31
170610 1710667 4452 21 7 0.11
167981 1710699 4470 10 0 2
173423 1710700 4445 10 8 1
170240 1710719 4454 30 10 0.07
172106 1710737 4442 10 2.5 0.1
171086 1710871 4450 10 3 0.33
170260 1710958 4454 26 16 0.23
170513 1710980 4452 27 2 0.12
170875 1711197 4450 21 16 0.34
170599 1711225 4451 26 13 0.19
170864 1711388 4450 17 5 1
170864 1711388 4450 17 5 1
G.W. Holocene Geologic Notes
Depth Thickness Unit
2 >10 Qa Holocene
3 >10 Qa Holocene
5 13 Qa pre-Holocene
3 >10 Qa Holocene
4 >28 Qa Holocene
3 6 Qa Holocene
4 >22 Qa nonliquefiablc
5 8 Qa pre-Holocene
5 8 Qa pre-Holocene
6 >27 Qa Holocene
4 24 Qa Holocene
1 >24 Qa Holocene
2 >25 Qa Holocene
4 20 Qa Holocene
2 >16 Qa Holocene
2 30 Qa Holocene
1 >30 Qa Holocene
2 21 Qa Holocene
2 23 Qa Holocene
2 >10 Qa Holocene
1 18 Qa Holocene
2 7 Qa Holocene
1 >21 Qa Holocene
2 2 Qdm Holocene
2.5 >10 Qdm pre-Holocene
1 25 Qa Holocene
2.5 5 Qa Holocene
3 >10 Qa Holocene
2 22 Qa Holocene
2 >27 Qa Holocene
3 >21 Qa Holocene
2 >26 Qa Holocene
3 >17 Qa Holocene
3 >17 Qa Holocene
Appendix 1
UTM Coords. Hole Depth to Crit.Acc.
Easting Northing Elev. Depth Lique. M  7.5
170625 1711462 4451 24 3 0.1
170708 1711556 4450 20 5 1
170302 1711574 4451 20 3 0.1
170890 1711661 4448 20 5 1
168574 1711723 4460 10 2
167585 1711749 4465 9 2 1
170334 1711773 4449 25 7 0.18
170509 1711785 4449 21 5 0.18
169562 1711792 4457 10 0 2
172681 1711852 4439 10 2 0.27
170800 1711910 4448 26 15 0.19
170617 1711916 4448 25 4 0.07
164555 1712476 4492 14 6 0.1
170707 1712480 4444 36 5 0.25
164009 1712640 4493 10 25 0.24
164229 1712682 4488 15 0.5 0.08
169088 1712727 4455 10 2
168070 1712851 4458 10 7 0.12
171813 1712889 4444 48 8 0.15
171370 1713023 4440 50 21 0.13
171564 1713025 4442 31 7 0.11
171705 1713059 4444 30 7 0.26
163700 1713088 4494 66 12 0.18
163863 1713124 4492 10 4 0.16
163546 1713145 4490 55 3.1 0.29
163912 1713156 4486 10 1.5 0.32
163620 1713204 4488 10 6.5 0.1
163702 1713222 4484 10 4 0.26
163075 1713463 4490 15 6 0.59
163190 1713557 4488 9 5 1
162668 1713723 4496 15 12 0.18
162449 1713873 4494 15 10 0.39
168623 1713885 4453 9 2
169523 1713900 4448 10 2 1












































































































Hole Depth to Crit_Acc.
Depth Lique. M  7.5



































G.W. Holocene Geologic Notes
Depth Thickness Unit
= = = = = = = = =
9 0 Qoa nonliquefiable
5 11 Qa Holocene
2 3 Qa Holocene
5 >9 Qa Holocene
4 6 Qa Holocene
4 32 Qa Holocene
25 >4 Qa Holocene
3 8 Qa Holocene
3 3 Qoa nonliquefiable
6.5 13 Qa Holocene
6 4 Qa nonliquefiable
9 33 Qa Holocene
9 33 Qa Holocene
7 0 Qa nonliquefiable
3 10 Qa Holocene
5 >20 Qa nonliquefiable
7 3 Qa pre-Holocene
6 19 Qa Holocene
6 16 Qa Holocene
2 8 Qa Holocene
4.5 >14 Qa Holocene
5 >9.5 Qa Holocene
4 >9.5 Qa Holocene
5.5 >27 Qa Holocene
5 >9.5 Qa Holocene
6 >8.5 Qa Holocene
3.5 >9.5 Qa XS Fines
4.5 15 Qa Holocene
3 30 Qa Holocene
6 0 Qa nonliquefiable
9 0 Qa XS Fines
6 >27 Qa Holocene
11 19 Qa nonliquefiable




UTM Coords. Hole Depth to Crit.Acc.
Easting Northing Elev. Depth Lique. M  7.5
161212 1719232 4458 30 0 1
164008 1719269 4444 9.5 8 0.09
163718 1719291 4445 9.5 6 0.11
161874 1719335 4450 22 10 0.22
161724 1719378 4449 20 18 0.75
161390 1719405 4455 16 2
164430 1719419 4442 9.5 5 0.11
162015 1719485 4449 26 0 1
163927 1719497 4444 27 16 1
161782 1719530 4450 15 13 0.52
164557 1719712 4441 9.5 8 0.19
161049 1719750 4465 20 15 0.1
164321 1719759 4442 9.5 0 1
160997 1719854 4465 20 16 0.26
163786 1719867 4444 9.5 7 0.08
164104 1719872 4442 9.5 7 0.07
163890 1719938 4443 9.5 7 0.07
163691 1721230 4440 15 6 0.34
163576 1721234 4440 15 6 0.31
163798 1721234 4440 15 7 0.26
163191 1721785 4443 24 17 1
163013 1721817 4443 25 12 0.26
161188 1721872 4451 37 16 0.4
171055 1721917 4398 30 10 0.32
163193 1721963 4443 25 11 0.26
163021 1721999 4443 25 12 0.18
165697 1722773 4427 15 8 0.22
161689 1722803 4441 27 2
165694 1722864 4427 14 8 0.17
170241 1722872 4498 27 4.5 1
165690 1722980 4427 15 8 0.38
165765 1722980 4427 14 9 0.23
167035 1723127 4418 21 7 1
156173 1723222 4534 19 16 0.42
G.W. Holocene Geologic Notes
Depth Thickness Unit
12 3 Qa XS Fines
6 >9.5 Qa Holocene
6 >9.5 Qa Holocene
10 14 Qa Holocene
11 3 Qa pre-Holocene
10 8 Qa nonliquefiablc
3.5 >9.5 Qa Holocene
12 3 Qa XS Fines
7 >27 Qa Holocene
13 >15 Qa Holocene
5 >9.5 Qa Holocene
12 >20 Qaf Holocene
5.5 >9.5 Qa XS Fines
12 6 Qaf pre Holocene
7 >9.5 Qa Holocene
7 >9.5 Qa Holocene
7 >9.5 Qa Holocene
5 >15 Qa Holocene
5 >15 Qa Holocene
5 >15 Qa Holocene
8 17 Qa nonliquefiablc
7 18 Qa Holocene
15 4 Qaf pre-Holocene
5 >30 Qfl Holocene
8 17 Qa Holocene
8 22 Qa Holocene
8 >15 Qa Holocene
15 2 Qa nonliquefiablc
8 >14 Qa Holocene
2 >27 Qfl Holocene
6 >15 Qa Holocene
8 >14 Qa Holocene
3 15 Qa Holocene
10 0 Qaf pre-Holocene
Appendix 1
UTM Coords. Hole Depth to Crit.Acc.
Easting Northing Elev. Depth Lique. M  7.5
= = = = = IIIIIIIIIIIIIIIIIIII =  == =  == = = = = = = = = = = = = = = = = = = =  =  =  =  =
154790 1723311 4543 20 6 0.12
167548 1723642 4414 22 18 0.41
167497 1723683 4415 17 13 0.37
167573 1723749 4413 22 13 0.22167427 1723764 4418 15 8 0.47
166531 1723949 4416 37 27 0.09
163810 1724073 4425 13 8 0.26
162064 1724697 4430 10 9 1
167379 1724699 4407 19 17 0.15
157053 1724764 4494 26 24 0.36
162192 1724917 4427 10 7 0.25
162597 1724918 4425 10 6 0.33
166827 1724934 4415 22 15 0.23
159658 1724968 4465 30 2
167015 1724982 4415 21 13 0.29157249 1725031 4486 26 23 0.35154980 172S082 4518 10 6 0.49
157100 1725087 4488 15 7 0.25
158911 1725098 4468 39 29 0.34
166764 1725100 4414 21 14 0.14
157065 1725214 4486 16 0 1
167168 1725280 4412 14 12 0.26
162397 1725302 4420 10 3 0.24
171357 1725560 4390 10 3 1167477 1725918 4407 27 6 0.28
171393 1726002 4390 10 5 1
160925 1726322 4428 38.5 17.5 0.42
159416 1726374 4445 50 27 1
160864 1726548 4429 40 2
167875 1726582 4404 31 9 0.13
158212 1726887 4450 25 2
166072 1727508 4395 13 9 0.27
165243 1727544 4395 8 4.5 0.27
167630 1727649 4398 19 0 1
T
G.W. Holocene Geologic Notes
Depth Thickness Unit
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
2 >20 Qaf Holocene
18 >22 Qa Holocene
9 >17 Qa Holocene
10 20 Qa Holocene
3 >15 Qa Holocene
8 >37 Qa Holocene
8 >13 Qa Holocene
9 0 Qa pre-Holocene
10 >19 Qa Holocene
19 14 Qdo pre Holocene
6 >10 Qa Holocene
4.5 >10 Qa Holocene
15 >22 Qa Holocene
40 2 Qdo nonliquefiable
13 >21 Qa Holocene
19 14 Qdo pre-Holocene
2 2 Qdo pre-Holocene
4 0 Qdo pre Holocene
22 0 Qa pre-Holocene
14 >21 Qa Holocene
0 0 Qdo poten. for liq.@depth
12 >14 Qa Holocene
3 >10 Qa Holocene
3 >10 Qfl Holocene
6 19 Qa Holocene
5 >10 Qfl Holocene
9.5 0 Qa pre-Holocene
14 2 Qa pre-Holocene
9 0 Qa pre-Holocene
5 >31 Qa Holocene
7.5 0 Qdo nonliquefiable
7 >13 Qa Holocene
6 >8 Qa Holocene
12 >19 Qa XS Fines
Appendix 1
UTM Coords. Hole Depth to Crit.Acc.
Easting Northing Elev. Depth Liquc. M  7.5= = = = = II II II II II II II II II II II II II II II IIIIIIIIIIIIII S S S S 3 S S = = = = = = = =
167158 1728052 4396 29 8 0.21
166183 1728319 4395 17 13.5 0.36
159570 1728701 4428 15 2
158307 1728791 4437 16 2
159665 1728805 4428 15 2
161244 1728953 4417 45 6.5 0.35
158879 1728962 4431 17 2
153512 1729237 4522 33 15 0.36
168904 1729267 4395 40 10 1
169404 1729267 4395 42 29 0.18
161474 1729286 4412 20 8 1
153628 1729347 4522 33 23 0.3
169126 1729417 4395 22 13 0.4
165444 1729998 4395 10 5 0.26
161445 1730177 4413 25 10 0.69
161370 1730267 4414 25 8 1
161479 1730395 4411 12 6 0.29
156962 1730562 4450 39 2
157047 1730603 4447 39 22 0.36
165661 1730615 4395 10 8 1
157113 1730667 4445 47 21 0.35
161503 1730722 4411 12 9 0.18
161527 1730852 4411 26 10 0.23
161455 1730856 4413 20 10 1
161561 1730964 4411 17 8 0.26
161573 1731046 4411 22 1
161595 1731120 4411 20 12 1
180845 1731193 4408 31 29 0.34
161586 1731471 4414 20 14 0.3
164997 1731631 4395 10 8 1
161663 1731725 4410 20 10 1
161724 1731918 4416 20 10 1
165293 1731941 4400 26 10 0.37162089 1732279 4415 45 2
n
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G.W. Holocene Geologic Notes
Depth Thickness Unit
= = = = = = = = = =
8 20 Qa Holocene
7.5 >17 Qa Holocene
10 11 Qa nonliquefiable
10 2 Qa nonliquefiable
12 7 Qa nonliquefiablc
6.5 16 Qa Holocene
13 8 Ts nonliquefiable
11 5 Qpf pre-Holocene
4 19 Qfl Holocene
6 20 Qfl pre-Holocene
5 >20 Qfl Holocene
23 7 Qpf pre-Holocene
6 20 Qfl Holocene
7.5 >10 Qa Holocene
4 21 Qa Holocene
5 15 Qa Holocene
6 10 Qa Holocene
24 6 Qa nonliquefiable
22 5 Qa pre-Holocene
8 >10 Qfl Holocene
21 0 Qa pre-Holocene
7 >12 Qfl Holocene
8 14 Qfl Holocene
7 10 Qa XS Fines
4 16 Qfl Holocene
5.5 18 Qfl XS Fines
1.5 12 Qfl XS Fines
26 >31 Qfvy Holocene
8 >20 Qfl Holocene
8 >10 Qfl Holocene
4 >20 Qfl Holocene
10 12 Qfl Holocene
5 6 Qfl pre-Holocene
12 0 Qfl nonliquefiable
Appendix 1
UTM Coords. Hole Depth to Crit.Acc.
Easting Northing Elev. Depth Lique. M  7.5llllllIIIIII IIIIIIIIIIIIII = = = = = = = = = = = = = II II II II II II II II II IIIIIIIIIIIIII
162015 1732305 4415 47 12 0.1
162150 1732331 4415 42 12 0.36
163775 1732897 4409 15 8 0.39
162370 1733037 4420 49 18 1
162484 1733438 4414 26 2
162462 1733628 4418 58 18 0.39
162506 1733757 4419 30 21 0.39
162598 1734406 4417 28 2
199630 1734581 4352 20 2
199530 1734701 4351 20 5 0.1
170137 1734887 4398 15 8 1
170265 1735029 4398 15 2
171065 1735408 4403 20 2
171159 1735454 4395 15 6.5 0.23
171059 1735495 4397 15 7 1
179070 1735903 4390 27 13 0.2
181655 1735938 4380 35 33 0.28
162458 1736021 4422 30 2
180954 1736121 4390 15 2
182022 1736251 4392 30 18 0.28
170564 1736501 4401 15 9 0.13
179579 1737003 4394 30 22 0.36
168296 1737015 4400 25 2
175536 1737540 4392 20 14 0.49
175312 1737588 4392 20 2
175468 1737642 4393 22 14 0.23
174691 1737695 4391 19 2
174775 1737787 4391 19 12 0.25
171584 1738704 4398 15 2
171705 1738709 4398 15 2
179542 1738802 4388 30 19 0.25
178448 1738808 4388 30 18 0.24
171703 1738837 4398 15 2
161640 1739669 4380 30 2
G.W. Holocene Geologic Notes
Depth Thickness Unit
II II II II II II II II II II II II II
12 12 Qfl nonliquefiable
12 17 Qfl Holocene
7 8 Qfl nonliquefiable
18 14 Qto pre-Holocene
13 0 Qto poten.for liq.<g>depth
18 10 Qto pre-Holocene
18 8 Qto pre-Holocene
17 13 Qto nonliquefiable
7 7 Qfl nonliquefiable
5 16 Qfl Holocene
6 12 Qto Holocene
6 7 Qto nonliquefiable
14 9 Qfl nonliquefiable
6.5 9 Qfl Holocene
7 10 Qfl Holocene
12 24 Qfl Holocene
33 >35 Qfl Holocene
23 0 Qto nonliquefiable
10 10 Qfl nonliquefiable
18 >30 Qfl Holocene
4 >15 Qto Holocene
22 >30 Qfl Holocene
7 7 Qto nonliquefiable
14 17 Qfl Holocene
12 12 Qfl nonliquefiable
14 18 Qfl Holocene
11 11 Qfl nonliquefiable
10 18 Qfl Holocene
8 8 Qfl nonliquefiable
8 8 Qfl nonliquefiable
19 >30 Qfl Holocene
15 >30 Qfl Holocene
8 8 Qfl nonliquefiable
10 0 Qto nonliquefiable
Appendix 1
UTM Coords. Hole Depth to Crit.Acc.
Easting Northing Elev. Depth Lique. M  7.5
168218 1740135 4414 15 10 0.57
185024 1740213 4379 25 15 0.14
153319 1740278 4500 46 2
185054 1740413 4385 50 40 0.26
181306 1740537 4381 24 16 0.37
185084 1740567 4392 33 12 1
181236 1740573 4382 25 22 1
181140 1740611 4382 20 0 1
181202 1740653 4382 20 12 0.2
180890 1740728 4391 31 18 0.37
181394 1740735 4386 23 13 0.21
181226 1740740 4387 28 13 0.19
185078 1740768 4393 21 2
152976 1740967 4497 60 2
161825 1741094 4378 23 2
163384 1741601 4425 25 2
163161 1741612 4438 30 2
163542 1741649 4433 30 2
153099 1742219 4505 50 37 1
182099 1742219 4395 24 20 0.28
181990 1742366 4395 24 22 0.35
148437 1742496 4559 56 2
166651 1742618 4421 15 2
161094 1742809 4442 33 2
161079 1742993 4443 24 2
166725 1743065 4421 21 2
166703 1743279 4423 25 2
166739 1743506 4424 34 2
150897 1743602 4530 45 1
169513 1743715 4411 15 2
169138 1743771 4412 15 6 0.41
168635 1743773 4415 15 2
168013 1743885 4418 15 7 0.26
169613 1743910 4411 15 6 1
G.W. Holocene Geologic Notes
Depth Thickness Unit
10 8 Qto pre-Holocene
9 >25 Qfl Holocene
29 0 nonliquefiablc
6 9 Qfl pre-Holocene
16 19 Qfl Holocene
9 12 Qfl nonliquefiable
17 22 Qfl nonliquefiablc
11 18 Qfl XS Fines
11 17 Qfl Holocene
18 28 Qfl Holocene
13 17 Qfl Holocene
13 17 Qfl Holocene
17 3 Qfl nonliquefiable
18 0 Qto nonliquefiable
8 0 Qto nonliquefiable
5 4 Qto nonliquefiable
15 0 Qto nonliquefiablc
12 5 Qto nonliquefiable
31 23 Qto pre-Holocene
18 20 Qay nonliquefiable
22 20 Qay pre Holocene
60 0 Qto nonliquefiablc
7 6 Qto nonliquefiablc
16 1 Qto nonliquefiable
16 0 Qto nonliquefiable
9 10 Qto nonliquefiable
8 0 Qto nonliquefiable
9 4 Qto nonliquefiable
> 0 Qto potcn.for liq.@depth
6 0 Qto nonliquefiable
6 0 Qto pre-Holocene
6 1 Qto nonliquefiable
7 1 Qto pre Holocene
6 0 Qto pre Holocene
Appendix 1
UTM Coords. Hole Depth to Crit.Aec.
Hasting Northing Elev. Depth Lique. M  7.5
= = = = = = II II II II II II II II = = = = = = = = = = = = = = = = = = = = = = = II II II II II
170499 1743930 4409 32 2
167751 1743967 4418 14 2
167574 1743983 4421 15 8 1
181342 1743984 4388 19 1
166919 1744011 4420 32 2
170299 1744018 4408 28 2
163824 1744086 4436 31 2
164014 1744166 4436 31 2
152286 1744236 4510 45 40 0.46
152689 1744324 4508 45 38 0.34
163094 1744370 4458 31 1
160404 1744409 4467 24 2
153068 1744425 4507 50 40 0.35
163339 1744427 4456 30 1
153777 1744617 4503 33 2
156255 1744809 4479 31 2
154986 1744893 4496 30 2
157620 1744896 4476 31 2
157429 1745022 4473 30 2
156078 174S071 4480 30 2
160560 1745253 4462 30 2
160572 1745638 4451 24 0 1
160815 1745715 4452 25 2
182367 1746399 4393 22 13 0.51
182430 1746413 4394 22 12 0.37
182510 1746413 4393 22 12 0.81
184322 1746499 4400 8 6 0.73
183963 1746500 4398 8 7 0.7
168018 1746644 4409 20 4 0.26
168264 1746655 4416 27 4 0.56
168118 1746697 4413 20 5 0.2
168374 1746747 4418 21 4 0.29
167701 1746844 4407 21 4 1








4 6 Qto nonliquefiable
13 0 Qto nonliquefiable
8 1 Qto pre-Holocene
> 16 Qay poten.for liq.@depth
17 0 Qto nonliquefiable
3 3 Qto nonliquefiable
14 0 Qto nonliquefiable
14 0 Qto nonliquefiable
40 0 Qto pre-Holocene
38 0 Qto pre-Holocene
> 0 Qto poten.for liq.@depth
> 7 Qto nonliquefiable
40 0 Qto pre-Holocene
> 0 Qto potenTor liq.(g>depth
33 10 Qto nonliquefiable
25 6 Qto nonliquefiable
29 12 Qto nonliquefiable
25 0 Qto nonliquefiable
25 0 Qto nonliquefiable
23 13 Qto nonliquefiable
25 0 Qto nonliquefiable
4 0 Qto XS Fines
23 0 Qto nonliquefiable
13 5 Qay pre-Holocene
12 10 Qay pre-Holocene
12 0 Qay pre-Holocene
6 >8 Qay Holocene
7 >8 Qay Holocene
4 9 Qto Holocene
4 9 Qto Holocene
3.5 9 Qto Holocene
3 10 Qto Holocene
3 9 Qto Holocene






































Depth to Crit.Acc. G.W.


























































































0 Qpf pre Holocene
12 Qfb pre-Holocene
0 Qpf pre-Holocene
























103607 1791917 5030103507 1792116 5030
101555 1794571 5097
101683 1794715 5095
Hole Depth to CriLAcc.
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G.W. Holocene Geologic Notes
Depth Thickness Unit
= = = = = = = = =
15 8 Ts nonliquefiable17 4 Qs XS Fines15 0 Ts pre-Holocene16 0 Ts pre-Holocene17 4 Ts pre-Holocene15 0 Ts pre-Holocene15 0 Ts pre-Holocene6 46 Qfs nonliquefiable5 >67 Qfb Holocene4 3 Qsw nonliquefiable3 5 Qsw Holocene
